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Abstract
The effects of genetic differences in an innate immune receptor on immune responses to
Haemonchus contortus in sheep
Denzel Middleton
Little is known about differences observed in early immunological signaling events that
result in cellular infiltration and Th2 cytokine production that mediate parasite expulsion. Parasite
resistant St. Croix (STC) sheep have been used as model for full host protective immunity as they
present the ability to respond to larval stages of H. contortus. RNA sequencing analysis of
peripheral blood mononuclear cells (PBMC) stimulated with H. contortus larval antigen (HcLA)
revealed significant upregulation in NLRP3 and its pathway component TLR4. Predicted protein
structural software identified distinct differences in NLRP3 protein structure in STC and parasite
susceptible Suffolk (SUF) sheep. NLRP3 has been widely studied in a classic model of
inflammatory infection, but little is known about its role in helminth infections. The inhibition of
NLRP3 in a classic model of infection reduced STC PBMC responses on both the transcript and
protein level but had no effect on the transcript level for SUF PBMC only the protein level. In an
HcLA infection model PBMC from SUF with the inhibition of NLRP3 resulted in the upregulation
of TLR4, TLR2, and IL-10. We hypothesize NLRP3 loss of function to have a significant impact
on components of TLR4 signaling and inflammatory immune activation to pathogenic challenge.
The inhibition of a dysfunctional NLRP3 receptor in SUF sheep maybe a potential target for
chemotherapeutics to achieve full host protective immunity.
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Common Abbreviations:
ATP = Adenosine Triphosphate
NLRP3 = NLR family pyrin domain containing 3
CM = Complete media
TLR = Toll like receptor
PBMC = Peripheral blood mononuclear cell
STC = St. Croix
SUF = Suffolk
Th2 = T-helper type 2
HcLA = Haemonchus contortus larval antigen
HcWA= Haemonchus contortus adult worm antigen
LPS = Lipopolysaccharide
IL = interleukin
ELISA = enzyme linked immunosorbent assay
IFN = interferon gamma
Hc = Haemonchus contortus
GCN = Gulf coast native
T. muris = Trichuris muris
N. brasiliensis = Nippostrongylus brasiliensis
H. Polygyrus = Heligmosomoides polygyrus
MCC950 = NLRP3 inhibitor
1400W = (N-(3-(aminomethyl)benzyl)acetamidine)- iNOS inhibitor
SEM = Standard error of the mean
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Chapter 1: Literature Review
Introduction
Sustainability of global small ruminant production, that provides a single source of meat,
milk and fiber, hinges on the ability to control gastrointestinal parasitism. Traditional control
methods rely heavily on chemotherapeutics, yet overuse has led to populations of parasites
resistant to all classes of drug treatment. Drug-resistant worms are a global problem and therefore
require a global solution. Our previous work has demonstrated robust parasite-resistance in the
St. Croix breed of sheep infected with Haemonchus contortus (Hc) and has identified specific
immunological mechanisms underpinning this resistant phenotype. To further explore these
differences, an in vitro model system has been developed using peripheral blood mononuclear
cells, allowing breed comparisons, at a cellular level, to determine variation in response to
stimulation with Hc antigen.
The classic immune response to helminth parasites is a Th2 response and this has been
studied mainly using murine models of infection. This same response is found in sheep and results
in reduction of adult worm establishment and fecundity. Innate immune cell influx (eosinophils,
mast cells, globule leukocytes), cytokine production (IL-4, IL-5, IL-13), and increased parasitespecific antibody (immunoglobulin A (IgA), IgE) production are all implicated in parasite
expulsion (Balic et al., 2000, Lacroux et al., 2006). The abomasal environment during a Th2
response is characterized by increased luminal flow and intestinal muscle contractility, responses
driven by IL-4 and IL-13 cytokines (Harris et al., 2011). Interleukins 4 and 13 are hallmark
cytokines of Th2-associated disease, both signal through Interleukin-4 receptor (IL-4R), exhibiting
a vast array of functions in regulating inflammation (Lademarco et al., 1995; Wynn et al., 2003).
Previous studies have implicated elevated expression of Toll like receptors (TLR), NLR family
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pyrin domain containing 3 (NLRP3), and tissue remodeling associated genes in PBMC isolated
from resistant St. Croix (STC) sheep as compared to susceptible Suffolk (SUF) counterpart (Jacobs
et al., 2019). In the context of parasitic infections, parasites such as Schistosoma mansoni and
Heligmosomoides polygyrus secrete proteins that directly activate the NLRP3 inflammasome in
vitro and promote the production of IL-1 (Ritter et al., 2010; Zaiss et al., 2013). Genetic
deficiency in NLRP3 results in suppression of Th1, Th2, and Th17 immune responses and reduced
liver pathologies in a Schistosoma mansoni infection model (Ritter et al., 2010).
Thus, the focus of these experiments conducted in this dissertation was to investigate the
relationship between NLRP3 and IL-4 in the context of Haemonchus contortus nematode infection
in sheep and to better understand immune differences that may be exploited to develop novel
treatments that can be used to better manage parasitism in small ruminants. These findings will
improve sheep management globally, supplying producers with proper therapeutics to combat
parasitic infection.
Haemonchus contortus
Haemonchus contortus is a hematophagous enteric parasite commonly known as the
“barber-pole worm”. Haemonchus belongs to the order Strongylida and a member of the
Trichostrongyloidea family (Roeber et al., 2013). The barber-pole appearance is common for adult
females as their white ovaries are wrapped around blood-filled intestines. Males are between 1020 mm in length while females are about 18-30 mm in length (Roeber et al., 2013). Female adult
worms can produce anywhere from 5,000 to 10,000 eggs per day within the abomasum of its host.
The presence of a small, specialized buccal lancet on the end of fourth stage larvae (L4) and adult
mouth parts, allow piercing of the abomasal mucosal lining and feeding on host blood (L. S.
Roberts et al., 2009). Haemonchosis is most prevalent in tropical and sub-tropical regions under
warm and wet conditions.
2

Haemonchus contortus (H. contortus) has a direct life cycle, which takes 14-21 days from
egg to mature adult (Machen, 1914). Throughout their life cycle H. contortus larvae undergo five
stages of development separated by structural changes. The first two stages and part of the third
stage are non-parasitic and occur outside of the host, while maturation of L4 and fifth stage larvae
(L5) occur within the abomasum and are parasitic in nature. Outside the host, larvae are considered
free living. Each larval stage can be split into substages with the first being a more active stage
and the second being a lethargic stage (Veglia, 1916). The lethargic stage is the period of rest
before initiating molting into the next stage of development (Veglia, 1916).
Adult male and female H. contortus reside in the abomasum of small ruminants, where
sexual reproduction occurs. Following reproduction, gravid females lay eggs, which are passed
through feces into the environment. Larval development is highly dependent on environmental
temperature and moisture level. Optimal temperatures for egg hatch and larval development are
between 20o and 35o C. Egg hatch occurs under warm and moist conditions, if in soil, eggs hatch
and the first larval stage (L1) is released into the environment (O’Connor et al., 2006). Free-living
L1 are active in soil, engaging in sinusoidal movement and equipped with a complete digestive
tract from mouth to anus. Bacteria and waste found in feces serve as food for L1. As larvae
continue to develop, the outer cuticle begins to shed within two days of hatching, and the larvae
will molt into second stage larvae (L2). Increased motility and feed consumption can be used as
an indicator of L2 maturation (Veglia, 1916).
Under desirable warm and moist environmental conditions larvae will continue to develop
and molt into third stage larvae (L3), the infective stage. Movement and travel occur most at dawn,
as larvae travel up grass blades in dew droplets due to natural cohesion, where ingestion may occur
by a grazing host. During the day larvae can be found protected from sunlight, closer to the ground
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and in feces. Infective L3 have been found to be most active between temperatures of 42o – 50o C
(Veglia, 1916). Structurally, L3 are encased in a cuticle which protects them from the environment,
desiccation, and covers their mouth, preventing the larvae from feeding. At this point larval
metabolism is dependent on the consumption from both the L1 and L2 stages (Veglia, 1916).
Infective L3 are ingested by a grazing sheep, and travel through the host’s digestive tract
and begin exsheathment and development to L4 within the abomasum 48 hours after ingestion. In
the abomasum, L4 pierce the mucosal lining and feed off pools of blood (L. S. Roberts et al.,
2009). L4 stage within the abomasum can undergo an arrested stage in times of unfavorable
external environmental conditions for parasite development called hypobiosis (Gibbs, 1982).
Under favorable conditions, three days after ingestion, larvae molt from L4 and become mature
adult worms. Sexually dimorphic adults will reproduce, females will shed eggs in feces, and adults
continue to take blood meals from its host, perpetuating the life cycle (Veglia, 1916).
Lambs younger than 6 months of age and immunocompromised individuals are most
affected, with peak infection typically occurring throughout spring and summer months (Dineen
and Wagland, 1966). While in the host, during winter months, larvae deposited during summer
months go into hypobiosis until the external environment is suitable for maturation (Gibbs, 1982).
There is a positive correlation between the number of adult H. contortus worms found in the
abomasum of infected sheep, and the number of eggs that are shed in the feces (J. L. Roberts &
Swan, 1981). Producers utilize fecal egg counts (FEC) as an approximation of parasite burden or
as a useful indicator of anthelmintic treatment effectiveness expressed as the number of eggs per
gram of feces (EPG). Packed cell volume (PCV), a marker of anemia, is also utilized as a measure
of infection (Dineen and Wagland, 1966). The prevalence of infection with H. contortus follows a
trend of the availability of L3 on pasture (J. L. Roberts & Swan, 1981).
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Pathologies associated with Haemonchosis range from sub-clinical to lethal pathologies
and are a result of blood feeding by L4 and adult stages (J. L. Roberts & Swan, 1981). Symptoms
of acute disease depend on infection intensity and include weakness, anemia, reduced wool
production and muscle mass, or even sudden death (Veglia, 1916). Chronic disease pathologies of
H. contortus infection include decreased feed intake, weight loss, anemia, hypoproteinemia, and
death (Besier et al., 2016). Parasitic infections can also have indirect effects on metabolism,
forcing its host to utilize protein stores during an immune response and lead to decreased feed
intake and increased susceptibility to other pathogens (Besier et al., 2016).
Management of Haemonchosis
Initial reports of H. contortus anthelmintic resistance in sheep occurred in the late 1950’s
to the drug phenothiazine (Drudge et al., 1957). Field populations of H. contortus have shown
resistance to all major anthelmintic drug classes including benzimidazoles, imidazothiazoles, and
macrocyclic lactones. Resistance appeared less than 10 years after the introduction of a new drug
class (Kotze and Prichard, 2016). Thiabendazole was introduced in 1961 as the first to combine
broad-spectrum nematocide with low toxicity. Within a few years, resistance was reported in sheep
operations due to anthelmintic overuse. Similar trends in resistance patterns have been reported
for benzimidazoles and imidazothiazole drug classes within a few years of efficacy (Conway et
al., 1964; Waller et al., 1986). Resistance to the most recent drug treatment available in Australia,
amino-acetonitrile derivatives (AADs), has recently been reported in H. contortus (Mederos et al.,
2014; Van den Brom et al., 2015). As the level of resistance continues to increase, the efficacy for
drugs will continue to decline, leaving producers with no choice but to utilize alternative methods
to manage parasitism.
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Breed selection
Incorporating parasite-resistant breeds of sheep into breeding programs has been an
alternate strategy of interest for controlling H. contortus infection. Resistant sheep do not
completely eradicate the infection, but they have a lower parasitic load, as measured by fewer eggs
in their feces, and a decrease in abomasal worm burden at necropsy as compared to susceptible
sheep (Gill, 1991). Due to natural selection, Caribbean native St. Croix (STC) sheep are able to
thrive in temperate, high parasitic environments (Shakya et al., 2009). St. Croix sheep are of
Caribbean origin, which is an environment conducive to year-round exposure to H. contortus. St.
Croix have developed a robust immune response early to larval stages of H. contortus preventing
establishment of adults (Alba-Hurtado and Munoz-Guzman, 2013). However, parasite resistant
STC sheep lack economically desired traits, reducing their usefulness in a crossbreeding program
(Gamble and Zajac, 1992). Suffolk (SUF) sheep, originating in cold and wet environments of
England, are a common economically desirable breed that are highly susceptible to H. contortus
(Miller et al., 1998). Inability of SUF to respond to larvae permits the establishment of adults
within the abomasum, leading to adverse symptoms such as anemia, edema, hypoproteinemia,
weight loss, and in severe cases, death19. Symptoms are most prevalent in young animals, while
repeated exposure to infection aids in resistance development in adult animals (Barger et al., 1985).
A resistant phenotype is a host’s ability to reduce the establishment of the parasite and
modify its egg production. Resistance to H. contortus is immunologically mediated. Treatment of
Gulf Coast Native resistant sheep with dexamethasone for immune suppression led to a reduction
in resistance phenotype, characterized by higher eggs per gram and increased total worm burden
within the abomasum of resistant host (Peña et al., 2004). In comparing uninfected susceptible and
resistant Corriedale sheep, resistant sheep were presented with significantly greater Haemonchus
contortus adult-specific IgG titers in plasma as compared to uninfected susceptible sheep. This
6

same trend was observed when measuring Haemonchus contortus L3-specific IgG titers in plasma
of resistant and susceptible Corriedale sheep. This correlates to a form of natural immunity in
resistant breeds to life stages of Haemonchus (Escribano et al., 2019). Pasture infected Gulf coast
native (GCN) lambs have demonstrated the ability to respond to H. contortus larval stages early
in infection as shown by eosinophilia, mast cell hyperplasia, and globule leukocytosis within the
abomasal mucosa (Shakya et al., 2009). Studies have observed delayed responses of immune
components vital for T-helper type 2 (Th2) initiation in SUF sheep. For instance, gene expression
analysis of wound healing and tissue repair associated genes were upregulated in abomasa tissue
of STC lambs and downregulated in SUF lambs following H. contortus infection (MacKinnon et
al., 2015). These data suggest a form of natural immunity for resistant sheep and highlights the
differences in the timing of responses between resistant and susceptible sheep. Early activation of
Th2 responses is vital to achieve a resistant host phenotype.
T-helper differentiation
T-helper (TH) cells and their cytokines produced play an integral role in the responses of B
cells, natural killer (NK) cells, and other T cells. Cytokine secretion profiles of TH cells have the
capacity to induce dramatic pleiotropic effects on nonlymphoid cells. It has been shown that in
response to infectious agents, commensal microorganisms, or self-antigens naïve CD4+ T cells can
differentiate into different subsets (TH1, TH2, TH9 TH17, and inducible regulatory) based on their
lymphokine secretion patterns (Zhu et al., 2010). The cytokine environment in which the naïve T
cell resides is a vital component of determining the cells differentiation pathway (Romagnani et
al., 2000; Saravia et al., 2019). T-helper type 2 cells are essential for host immunity to extracellular
parasites, asthma, and allergic inflammatory disorders, while Th1 cells are necessary for immunity
to intracellular pathogens (viruses, bacteria, fungi) (Kanhere et al., 2012). Failure to mount an
appropriate response to foreign pathogens increases the severity of disease.
7

T cell subsets can be distinguished by cytokine production, expression patterns, and cell
surface molecules. Signature cytokines of Th1 cells are IFNγ, IL-12, and TNFα. On the contrary
Th2 cells fail to produce IFNγ, their signature cytokines include IL-4, IL-5, and IL-13 (Killar et
al., 1987). Interleukin-12 and IL-4 are the most potent factors that influence Th1 and Th2
differentiation. Interleukin-12 induces Stat-4 phosphorylation in developing and differentiated Th1
cells but not in Th2 cells (Kaplan et al., 1996) and IL-4 activates Stat-6 phosphorylation in Th2
cells. The activation of Stat-4 and Stat-6 is crucial in T cell subset development, mice deficient in
these two Stat proteins were unable to generate Th1 and Th2 responses. Stat-4 deficient mice led
to impaired development of Th1 cells in response to treatment with IL-12 or Listeria
monocytogenes (Kaplan et al., 1996). An in vitro model investigating the effect of IL-4 on naïve
precursor CD4+ cells revealed that the addition of IL-4 to culture altered the pathway of
differentiation as compared to cells not exposed to IL-4. Interleukin-4 exposure resulted in the
development of effector cells secreting IL-4, IL-5, IL-3, and GM-CSF. The absence of IL-4 or
little endogenous IL-4 present in culture resulted in effector cells developed with low secretion
levels of IL-4, IL-5, IL-13, and IFN. Addition of anti-IL-4, enriched development of IFN and IL2 producing cells (Swain et al., 1990).
T cells purified from mice that expressed transgenes, encoding a T cell receptor specific
for pigeon cytochrome C peptide 88-104, were used to assess factors that determined T cell
differentiation pathways, specifically Th1 and Th2. Under normal conditions these transgenic cells
produced limited amounts of IL-4 or IFN after culture with peptide 88-104 and antigen presenting
cells (APC) alone. Priming cells for four days in the presence of peptide 88-104, APC, and 1,000
l/ml of IL-4 with administration of a rechallenge of IL-4 resulted in the cells ability to produce
ample amounts of IL-4 and inhibit the production of IFN Transgenic cells primed in the absence
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of IL-4 produced significant amounts of IFN and reduced the secretion of IL-4, the inhibitory
capacity of IL-4 on IFN was independent of IL-10 (Seder et al., 1992). Thus, early cytokine
presence affects differentiation of naïve lymphocytes resulting in appropriate responses necessary
for pathogen clearance.
Immune response to Helminths
According to the World Health Organization (WHO), more than two billion humans are
infected with parasitic helminths. Although infections by these pathogens are not always fatal, they
have been associated with high rates of morbidity, anemia, malnourishment, and coinfection
(WHO, 1999). Helminth diseases are still widespread affecting all mammals and drug treatments
have declined in effectiveness due to overuse. Mechanisms of resistance to helminths are not yet
fully understood. Thus far there have been discovery of innate and adaptive responses necessary
for proper eradication of helminths from their host (Patel et al., 2009). The host protective immune
response has been referred to as Th2 immune activation. Host Th2 activation to helminth larval
stages reduce adult establishment and fecundity, further reducing symptoms and pathologies
associated with helminth disease (Owyang et al., 2006).
T-helper type 2 responses are characterized by an increase in interleukin-4 (IL-4), IL-13,
IL-5, IL-21, and IL-25 cytokines, which promote the recruitment, activation, and expansion of
cluster of differentiation 4+ (CD4+) Th2 cells, plasma secreting IgE and IgA cells, eosinophils,
mast cells, and basophils (Balic et al., 2000; Lacroux et al., 2006). The life cycle of
Nippostrongylus brasiliensis (N. brasiliensis) in rodents follow a pattern of hepato-tracheal
migration and serves as a useful model to study host immunopathology arising from nematode
infections (Ehigiator et al., 2000). N. brasiliensis immune mechanism is CD4+ T cell-mediated
with dependence on IL-4 production to induce B cell class switching and promote increased IgE
in host serum within 7-13 days post infection (DPI) (LeGros et al., 1996). Basophils have been
9

implicated to be the effector source of IL-4 production during primary N. brasiliensis infection
independent of both IL-4/STAT6 signaling. During challenge infection, basophils are rapidly
recruited however, CD4+ T cells serve as the dominant source of IL-4. Basophils, during N.
brasiliensis infection, are not necessary for Th2 differentiation, as the number of B cells present
in the local lymph nodes were not affected when basophils were depleted. However, in the absence
of basophils, effector cell recruitment to the periphery was diminished (Van Panhuys et al., 2011).
Studies have shown an increase in IL-5 in blood and lung tissue within 7-9 DPI, promoting
eosinophilia (Coffman et al., 1989; Kopf et al., 1993). The final phase of infection is characterized
by an increase in IL-4, IL-13, and IL-9 dependent mastocytosis followed by an influx of IL-13 and
IL-4 within the mucosal wall of the gut, aiding in parasite expulsion from the small intestine
(Madden et al., 1991; Townsend et al., 2000; Urban et al., 1998).
More relevant to studies in this dissertation are murine parasitic infections with
Heligmosomoides polygyrus (H. polygyrus), its mode of infection resembles Haemonchus
contortus. Resistance to H. polygyrus infection is immune mediated and CD4+ T cell dependent
(Urban et al., 1991a). (Urban et al., 1991a). The level of infection within a rodent host has shown
to be limited by the expression of IL-4 at the site of infection (Urban et al., 1991b), which is
dependent on IL-4Rα receptor activation of STAT6 (Finkelman et al., 1997). A host resistance
phenotype is composed of both a primary and secondary response. Primary responses include
modest changes in intestinal epithelial cell function, including permeability and early innate cell
influx associated with IL-4 production (Shea-Donohoue et al., 2001). Memory responses have been
shown to occur within 4 days post challenge infection, characterized by granulomatous formation
consisting of neutrophil infiltration surrounding invading larvae, followed by alternatively
activated macrophages (AAMϕ) surrounding larval and neutrophils clumps (Anthony et al., 2006;
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Morimoto et al., 2004; Kreider et al., 2007). Granuloma formation is indicative of acute
inflammatory responses to invading pathogens necessary for full host protective immunity (Gause
et al., 2003). At the border of the granuloma there is an accumulation of CD4+ T cells, dendritic
cells, and eosinophils (Anthony et al., 2006). The memory response in H. polygyrus infection is
heightened by the dichotomy of an acute inflammatory response and a memory Th2 response
leading to immune cell influx to the site of infection, resulting in parasite damage (Anthony et al.,
2006).
Th2 immune activation, in response to H. contortus larval stages, reduce adult
establishment and fecundity. Innate immune cell influx (eosinophils, mast cells, neutrophils,
globule leukocytes), cytokine production (IL-4, IL-5, IL-13), and increased parasite-specific
antibody (IgA, IgE) production are all implicated in parasite expulsion (Balic et al., 2000, Lacroux
et al., 2006). The gastrointestinal environment during a Th2 response is characterized by increased
luminal flow coupled with intestinal muscle contractility, and these responses are driven by IL-4
and IL-13 cytokine production (Harris et al., 2011).
In the context of H. contortus infection in sheep, research has demonstrated a correlation
between elevated IL-4 and IL-13 expression during early infection and prevention of parasite
establishment. Initial IL-4 expression was detected in STC abomasal tissue by day 3 and in SUF
sheep at day 10-post infection. These data indicate a delay in IL-4 expression in susceptible sheep
(Jacobs et al., 2016). IL-13 expression at 3 days post infection (DPI) was significantly increased
in both STC abomasum and lymph node tissue but was markedly reduced in susceptible sheep
(MacKinnon et al., 2015). Delayed SUF IL-4 expression and reduced IL-13 expression to
Haemonchus larval stages in susceptible hosts, permit the establishment of adults. Bowdridge et
al., (2015) identified cellular infiltrate of abomasal tissue during the first 7 days of H. contortus
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infection and found a significant increase of neutrophils in STC abomasum when compared to
SUF sheep at 3 DPI.
An in vitro model of H. contortus larval antigen stimulation of ovine neutrophils revealed
an ability to produce IL-4 as early as 30 minutes after antigen stimulation with no breed differences
observed. Neutrophils preferentially produced significant amounts of IL-4 after stimulation with
larval but not adult H. contortus antigen. In culturing larval antigen primed neutrophils with naïve
peripheral blood mononuclear cells (PBMC), primed neutrophils were able to induce the
production of IL-4 in naïve cell populations (Middleton et al., 2020). From these data, it is
reasonable to conclude early neutrophil infiltration, IL-4 production, and increased early IL-4 and
IL-13 expression in abomasal tissue of STC lambs drive activation of early Th2 responses.
Haemonchus contortus infected STC PBMC (composed of monocytes and lymphocytes) cultured
with larvae led to a reduction in larval motility (Holt et al., 2015). Quantifying larval death after
culture with PBMC by ATP quantification further found a greater reduction in larval ATP when
cultured with STC PBMC as compared to culture with SUF PBMC (Shepherd et al., 2017).
Taken together, these studies demonstrate the significance of early IL-4/IL-13 signaling in
promoting parasite expulsion. Interleukin-4 acting on Th2 cells causes the subsequent production
of IL-4 creating a positive feedback loop and promoting the differentiation of B cells to plasma
cells, necessary for both IgE and IgG production (Armitage et al., 1992). Differences between
resistant and susceptible sheep have been documented with emphasis on a delay in response to
larval stages observed by susceptible sheep.
Interleukin-4 signaling
Interleukin-4 is a multifunctional cytokine that signals using the IL-4R complex and plays
a critical role in the regulation of immune responses. This molecule exerts various biological
effects by regulating proliferation and differentiation of a variety of lymphoid and myeloid derived
12

cells (Paul et al., 1991). T helper type 2 activation during helminth infection has shown dependence
on IL-4 and IL-13 signaling, both molecules signal through IL-4Rα. Gut nematode infections have
deemed IL-4Rα signaling to be critical in the initiation and development of host protective Th2
responses during both primary and secondary infections (McKenzie et al., 1999; Anthony et al.,
2006). Recent studies have investigated the importance of IL-4Rα during N. brasiliensis infection,
with use of a Cre-Lox recombination to disrupt IL-4Rα signaling (Horsnell et al., 2010).
Impairment of IL-4Rα signaling during primary and secondary infection led to disruption in Th2
responses and affected the host’s ability to expel worms. To observe the efficacy of long-lasting
IL-4Rα expression mice were treated with tamoxifen, to block IL-4Rα signaling, after the
clearance of a primary infection and then re-infected to analyze memory responses in the absence
of IL-4Rα expression. Mice treated with tamoxifen displayed a susceptible phenotype
characterized by increased adult worm and larval burden, while the control mice with intact IL4Rα, treated under the same conditions, displayed a resistant profile (Nono et al., 2017). These
studies detail the importance of IL-4Rα expression in eliciting a proper host protective Th2
response.
Signal transducer and activation of transcription factor 6 (STAT6) is a member of the
STAT family of transcription factors. Activation of STAT6 signaling is initiated by the binding of
the cytokine ligands IL-4 or IL-13 to the shared cell surface receptor complex IL-4Rα. Ligation
of the surface receptor activates Janus Kinase 2 (JAK2), which phosphorylates proteins. Janus
kinase 2 utilizes adenosine triphosphate (ATP) to phosphorylate tyrosine residues on the
intracytoplasmic region of IL-4R, thus switching on the pathway. Commonly, STAT6 molecules
are found in the cytoplasm. Upon activation of JAK2, STAT6 molecules will attach to the
phosphorylated tyrosine residue, allowing JAK2 to phosphorylate STAT6 proteins.
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Phosphorylation of STAT6 molecules promotes dimerization of STAT6 molecules and allows the
complex to be translocated to the nucleus. The STAT6 complex will then bind to promoter regions
of DNA and activate transcription genes with a STAT6 binding domain upstream of cytokine
genes, leading to activation of Th2 responses (Oshea, 1997). Use of STAT6-deficient mice
revealed the importance of STAT6 signaling in Th2 differentiation. The STAT6-deficient mice
failed to elicit T cell differentiation as observed by the lack of IL-4 responses and the inability of
B cells to produce IgE (Kaplan et al., 1996). The use of STAT6 pharmacological inhibitors in
experiments have been vital in therapeutic discoveries and elucidation of Th2 immune mechanisms
(Nagashima et al., 2006).
Previous studies suggest that human peripheral monocytes, IL-4/IL-13 production
significantly downregulate expression of classical proinflammatory cytokines such as IFNγ, IL-1,
IL-6, IL-8, IL-18, and TNFα in human peripheral monocytes (Chaitidis et al., 2005). Interleukin4 activation can recruit mediators of cell growth, resistance to apoptosis, and gene activation and
differentiation. The development of Th2 cytokine-deficient mice provided an opportunity to
investigate complex interactions between IL-4, IL-5, IL-9, and IL-13. T helper- type 2 cytokines,
together, add to the rate and magnitude of responses to a pathogen, however, IL-4 alone has been
shown to activate all Th2 effector functions (Fallon et al., 2002). A multitude of innate cells have
been shown to be a source of IL-4 such as eosinophils, basophils, nuocytes, and mast cells (Seder
et al., 1994; Van Panhuys et al., 2011). Innate cells early recruitment to the site of infection can
deem them a source of early IL-4, which is necessary for Th2 differentiation indicative of parasite
expulsion. Memory T-helper (CD4+) T cells, during challenge infection, has been implicated as a
sole source of IL-4 during helminth infection (Seder et al., 1994). Interleukin-4 stimulation
initiates CD4+ T cell differentiation, which activates a cascade of the release of Th2 associated
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cytokines (Seder et al., 1992; Hsieh et al., 1992). Expression of IL-4 has been associated with
decreases in IFNγ producing CD4+ T cells (Coffman et al., 1986), promoting B cell class switching
to express IgE, IgG, and IgA (Vitetta et al., 1985), and has also been associated with the increased
expression of major histocompatibility complex II (MHC II) in B cells (Noelle et al., 1984).
Interleukin-4 signaling is crucial for TH2 cell differentiation. T cells from IL-4 deficient mice were
used in a Nippostrongylus brasiliensis (Nb) infection model to evaluate the requirement of IL-4 to
mount an effective Th2 response. In the absence of IL-4, the levels of IL-5, IL-9, and IL-10 from
isolated CD4+ cells were significantly reduced, which correlated with the reduced helminthinduced eosinophilia observed in vivo. However, the addition of IL-4 to the prestimulation culture
of T cells induced the production of IL-5 and IL-10 from IL-4-/- mice (Kopf et al., 1993). Thus,
IL-4 presence is necessary for proper Th2 activation and to promote full host protective immunity
to parasitic infection.
Nod-like receptor family, pyrin domain-containing 3 (NLRP3)
Nod-like receptors are found as inactive monomers within the cytoplasm of the cell. There
are two types of nod-like receptors, the type is dependent upon its domain. The first domain is a
pyrine domain and the second is a caspase recruitment domain. Common structural features of
NLRs include leucine rich repeats (LRR), NACHT, and a domain. Monomers are inactive due to
LRR blocking by a chaperone protein (Harton et al., 2002). The most studied NLR is Nod-like
receptor family, pyrin domain-containing 3 (NLRP3) which is a cytoplasmic pattern recognition
receptor (PRR), made up of seven NLRP3 monomers forming a ring-like structure, and adaptive
proteins. The activation of NLRP3 follow the presence of agonists such as, potassium efflux,
adenosine Triphosphate (ATP), transcription of proinflammatory cytokines, pathogen associated
molecular patterns (PAMPs), danger associated molecular patterns (DAMPs), microbial products,
endogenous molecules, viral products, and particulate matter (Inohara & Nuñez, 2001). Activated
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NLRP3 bind adaptor proteins (ASC) constructed of a pyrine and a CARD domain undergoing
oligomerization. The pyrine domain of ASC will bind the pyrine domain of NLRP3, while the
CARD domain of ASC recruit protein monomers of procaspase-1 into proximity (Inohara &
Nuñez, 2001). At the completion of oligomerization, the constructed molecule is an
inflammasome. The NLRP3 inflammasome is a protein complex that amplifies host immune
response or can lead to cell pyroptosis. Procaspase-1 self-cleavage is activated by NLRP3
inflammasome presence, resulting in many active caspase-1 molecules. Caspase-1 can
proteolytically activate prointerleukin-1β (IL-1β) and prointerleukin-18 (IL-18) and induce their
release (Martinon & Burns et al., 2002).
The NLRP3 inflammasome has been implicated in response to various signals such as
infection, tissue damage, and metabolic dysregulation (Bauernfeind et al., 2009). Due to the wide
range of molecules with the potential to activate the inflammasome, its activation is tightly
regulated. Activation entails a two-step process in which the first step requires priming of Tolllike receptor (TLR) and NLR ligands to enhance NF-κB transcription of NLRP3 and the second
step requires exposure to PAMPs, DAMPs, or crystalline substances to initiate NLRP3
inflammasome assembly (Bauernfeind et al., 2009). Inflammasome activation can induce
pyroptosis upon infection with microbial pathogens. Water floods the cell, leading to swelling, and
membrane rupture (Halle et al., 2008), Thus construction of the NLRP3 inflammasome is
classically involved in pro-inflammatory responses and is pathological in the development of
diseases such as, gout, Parkinson’s, Inflammatory bowel disease, and Alzheimer’s. Alzheimer’s
disease (AD) is the most common neurodegenerative disease, characterized by dementia and
progressive cognitive impairments. Pathologies associated with AD patients are A plaques and
neurofibrillary tangles found in the brain (Kinney et al., 2018). Localized neuroinflammation is
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the most reliable factor underlying AD pathogenesis, extracellular accumulation of amyloid-β (Aβ)
in senile plaques is a critical event in AD pathogenesis (Hardy et al., 2002). Amyloid-β presence
induce microglia cell release of IL-1β in a caspase-1 dependent manner, causing the production of
proinflammatory cytokines and inducing localized inflammation (Halle et al., 2008).
The construction of the NLRP3 protein complex is classically considered to be necessary
for host response to bacterial infections such as, Mycoplasma pneumoniae, which causes both
acute and chronic respiratory tract infections in humans (Waites et al., 2004). Infection of WT
bone marrow-derived macrophages (BMDMs) with M. pneumoniae over the course of 16 hours
resulted in a proinflammatory response characterized by increased secretion of IL-1, IL-1, IL6, and TNF-. Further investigation of BMDM responses in the context of M. pneumoniae
infection revealed that in the absence of NLRP3 there was a reduction in IL-1 secretion across
the 16-hour time course and a reduction in IL-6 cytokine secretion within the first 8 hours of
infection. Similar results were observed when knocking out NLRP3-inflammasome components
(caspase-1 and ASC), demonstrating the requirement for NLRP3-inflammasome during M.
pneumoniae infection for the secretion of IL-1 and the induction of proinflammatory responses
(Segovia et al., 2017).
Kinetic analysis of NLRP3 mRNA expression over a 24-hour time course in CD4+ T cells
from wild-type (WT) mice after polarization (TH0, TH1, TH2) revealed that at 12 hours NLRP3
expression was elevated in TH0 and TH2 cells, but not in TH1 cells. CD4+ T cells from NLRP3-/mice were utilized to assess TH1 and TH2 polarization through expression levels of IFN and IL-4
mRNA. The absence of NLRP3 reduced IL-4 expression but had no effect on IFN expression in
CD4+ T cells (Bruchard et al., 2015). Vaccination of WT, NLRP3-/-, Casp1-, or Asc- mice with
ovalbumin (OVA) plus a Toll-like receptor 2 ligand (Pam3CSK4) resulted in impaired TH2
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polarization in NLRP3-/- mice. However, Casp1- and Asc- had no effect on TH2 polarization as
shown by the elevated concentration of IL-4 found in serum (Bruchard et al., 2015).
In the context of intracellular Leishmania major parasitic infection, a resistance phenotype
is driven by a Th1 immune response, while a Th2 response results in a susceptible phenotype
allowing disease progression (Scott et al., 1988). Infecting susceptible BALB/c mice with L. major
lead to the activation of NLRP3 inflammasome in macrophages, further promoting the production
of IL-1 and IL-18. Interluekin-18 production enhanced IL-4 secretion in activated T cells by
increasing the expression of GATA3 and cMAF, leading to disease progression. The absence of
NLRP3 inflammasome components resulted in less IL-18 and IL-4 significantly reducing parasite
burden (Gurung et al., 2015). During murine infections with the extracellular parasite
Nippostrongylus brasiliensis infection macrophage derived lung injury was driven by chitinaselike protein Ym1. Ym1 is highly induced in type 2 responses and plays a prominent role early in
N. brasiliensis infection with the recruitment of neutrophils to the lung, promoting larval killing.
Overexpression of Ym1 on the surface of alveolar macrophages drives IL-1 expression
(Sutherland et al., 2018).
In the context of the gut dwelling extracellular parasite Trichuris muris NLRP3 has a major
effect on the suppression of type 2 responses. Trichuris muris infection resulted in elevated IL-18
and suppression of protective adaptive and innate responses. The targeted inhibition of NLRP3
caused amelioration of disease as shown by decreased Th1 cytokines, elevated Th2 cytokines,
accelerated worm expulsion, and a decrease in immunopathology’s associated with disease
(Alhallaf et al., 2018). The pharmacological inhibition of NLRP3 inflammasome with small
molecule inhibitor MCC950 directly interacts with the Walker B motif within the NLRP3 NACHT
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domain, thereby blocking ATP hydrolysis and inhibiting NLRP3 activation and inflammasome
formation (Coll RC et al., 2015).
Concluding remarks
Development of full host protective immune responses to elicit H. contortus parasite
expulsion is widely carried out by the incorporation of cellular recruitment, antibody production,
and cytokine secretion all largely under the Th2 arm of immune responses. The experiments
contained throughout this dissertation serve to elucidate the role of NLRP3 in Th2 responses
necessary for protection against H. contortus parasitic infection. Although the role of NLRP3 has
been well characterized in a classical inflammatory setting, the function of NLRP3 during a type
2 response remains to be under investigation. During N. brasiliensis infection NLRP3 protein,
independent of the inflammasome has shown a major effect on neutrophil recruitment, assisting in
both larval killing and reduction in tissue damage (Chenery et al., 2019). This same trend was
consistent with reports of NLRP3 protein independent of the inflammasome limiting neutrophil
recruitment during bacterial lung infection with Francisella tularensis (Periasamy et al., 2016).
RNA sequencing analysis of PBMC-derived from STC and SUF sheep cultured with HcLA
revealed a significant upregulation in inflammatory associated genes such as, TLR4, NLRP3, IL1β, and TLR2 (Jacobs et al., 2020).
Therefore, aims of the current study are (i) to create a working model to investigate breed
differences in NLRP3 responses in a classical inflammatory setting (ii) investigate NLRP3
responses in the context of a H. contortus parasitic infection and (iii) understand the relationship
between NLRP3 and IL-4 production during a parasitic infection. Further understanding of the
role of NLRP3 in parasitic infection could lead to understanding differences observed in immune
responses between parasite-resistant and parasite-susceptible sheep. These data could aid in future
therapies to assist commercially favorable breeds in their response to H. contortus GIN infection.
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Chapter 2: The role of NLRP3 in explaining sheep breed differences in
response to LPS stimulation in vitro
Abstract
Pathogen recognition is an essential component to achieve the desired outcome of full host
protection. Nod-like receptor pyrin containing domain 3 (NLRP3) is a cytoplasmic pattern
recognition receptor (PRR) with a wide array of agonists, such as PAMPs, DAMPs, ATP, bacterial
product, and viral products. Stimulation of the NLRP3 inflammasome results in proteolytic
activation of IL-1 and IL-18, cell pyroptosis, and classically, the induction of proinflammatory
responses. St. Croix (STC) sheep exhibit the appropriate T-helper type 2 immune response ensuing
full host protective immunity during helminth parasitic infection whereas parasite-susceptible
Suffolk (SUF) sheep have an impaired response resulting in parasite establishment and adverse
symptoms. St. Croix sheep are believed to be equipped with the ability to mount an effective
immune response regardless of pathogen. The objective of these experiments was to investigate
the role of NLRP3 in cellular immune responses to LPS treatment between peripheral blood
mononuclear cells (PBMC) isolated from STC and SUF Sheep. PBMC derived from STC and SUF
sheep were isolated from whole blood and stimulated for 3 hours with LPS or administered
MCC950 or 1400W for 2 hours before the addition of LPS to culture. qPCR analysis of LPSstimulated PBMC revealed breed differences as shown by an upregulation in inflammatory
associated genes IL-1 (P = 0.004), TLR4 (P < 0.001), TNF (P = 0.009), NFB (P = 0.001) in
STC PBMC and downregulation in IFNγ, IL-6, IL-10, and iNOS for SUF PBMC. Pharmacological
inhibition of NLRP3 and iNOS production in STC PBMC resulted in a significant reduction in IL4 protein concentrations in cell supernatant (P < .001). These preliminary data begin to discover a
relationship between NLRP3 activation and TLR4 signaling in PBMC of STC and SUF sheep.
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Introduction
Amelioration of disease requires an adequate immune defense mechanism equipped to
fight off invading pathogens. Pathogen recognition is the first step to the eradication of disease.
Pattern recognition receptors (PRRs) are germline innate immune receptors that act as host defense
alarmins and aid in the hosts ability to recognize conserved patterns on the surface of invading
microorganisms, known as pathogen-associated molecular patterns (PAMPs) (Amarante-Mendes
et al., 2018). In the case of gram-negative bacteria, lipopolysaccharide (LPS) is found in great
abundance on the bacterial surface (May et al., 2018). The incorporation of LPS into in vitro cell
culture methods model classic inflammatory responses as depicted by the secretion of
proinflammatory associated cytokines such as, IL-1, IL-6, IL-8, IL-18, and TNFα (Chaitidis et al.,
2005). Lipopolysaccharide binds toll like receptor-4 (TLR4) and activates downstream signaling
events, resulting in the production of proinflammatory cytokines (Palsson-McDermott et al.,
2004).
Proinflammatory responses reside under the T-helper type-1 (Th1) arm of immunity and
are responsible for the killing of intracellular parasites, bacteria, viruses, and known for
perpetuating autoimmune responses (Spellberg et al., 2000). Nod-like receptor family, pyrin
domain-containing 3 (NLRP3) cytoplasmic pattern recognition receptors exist in monomeric form.
Upon activation, seven monomers oligomerize to construct the NLRP3 inflammasome complex,
which amplifies the host immune response and induce the maturation of IL-18 and IL-1β (Yang et
al., 2019). The construction of NLRP3 inflammasome is classically involved in proinflammatory
responses and is pathological in the development of diseases such as gout, M. pneumoniae
(Segovia et al., 2017), and Alzheimer’s (Halle et al., 2018). In the context of Nippostrongylus
brasiliensis infection, NLRP3 protein revealed an inflammasome-independent role in helminth
killing and transcriptional activation of type 2 immune responses (Chenery et al., 2019).
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Parasite-resistant St. Croix (STC) Sheep infected with the gastrointestinal helminth
Haemonchus contortus display full host protective immunity with their ability to clear the parasitic
infection without anthelmintic treatment (Mackinnon et al., 2010). Alternatively, Suffolk (SUF)
sheep, while commercially favorable, fail to respond to larval stages, perpetuating adverse
symptoms associated with disease (Alba-Hurtado and Munoz-Guzman et al., 2013). Specific
immune responses to helminth infection can be best classified as T-helper type 2 (Th2) responses.
Th2 immune activation to helminth larval stages reduce adult establishment and fecundity. Innate
immune cell influx (eosinophils, mast cells, globule leukocytes), cytokine production (IL-4, IL-5,
IL-13), and increased parasite-specific antibody (IgA, IgE) production are all implicated in parasite
expulsion (Balic et al., 2000, Lacroux et al., 2006). RNA sequencing analysis of PBMC-derived
from STC and SUF sheep cultured with HcLA revealed an upregulation in inflammatory
associated genes, namely TLR2, TLR4, and NLRP3; and none were found to be upregulated in
SUF PBMC (Jacobs et al., 2020).
RNA-sequencing from PBMC-derived from STC and SUF sheep were used to predict
NLRP3 protein structure. When comparing the NLRP3 protein structures between STC and SUF
sheep the predicted structures revealed vast differences. The objective of these studies was to
observe the role of classic NLRP3 activation through stimulating cells from STC and SUF sheep
with LPS. In the current study, we show that STC PBMC are equipped with the ability to mount
an effective response to LPS challenge however, the inhibition of NLRP3 in STC PBMC reduced
resulted in a significant reduction in response to LPS stimulation. These studies show a role for
NLRP3 protein in STC PBMC host protective responses to bacterial agonist.
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Materials and Methods
Experimental Design
St. Croix (STC) (n=3) and Suffolk (SUF) sheep (n=3) were raised under parasite-free
conditions at the West Virginia University Animal Science Farm to allow for controlled and
monitored infection. Animals in this study were not exposed to H. contortus infection prior to
experimental inoculation. Four weeks after weaning, animals received a single oral dose of 10,000
H. contortus infective stage larvae (L3). Infection persisted for six weeks before animals were
dewormed using levamisole (8mg/kg) and rested for three weeks. To create an experimental model
that mimics a natural pasture infection, where animals are consistently exposed to L3, lambs were
challenged infected. Following the rest period, lambs were challenged with an additional dose of
10,000 L3 which persisted for six weeks. Fecal egg count (FEC) and packed cell volume (PCV)
were performed weekly throughout primary and challenge infection to monitor infection. At the
time of experimentation lambs were primed, but not under active infection.
Peripheral Blood Mononuclear Cell (PBMC)
Whole blood samples were collected via jugular venipuncture into (n=3 tubes/breed) 10ml EDTA treated vacutainer tubes (BD, Irvington, NJ). Peripheral blood mononuclear cell
isolation was performed by centrifugation of blood samples at 400 xg for 20 min at room
temperature. Buffy coats were collected into a 15-ml sterile centrifuge tube suspended in 1-ml of
sterile PBS (pH 7.4). Red blood cells were removed using ACK lysis buffer (Lonza, Walkersville,
MD), and the resulting pellet was layered over sterile lymphocyte separation media (LSM) (Fisher
Scientific, Hampton, NH) and centrifuged at 400 x g for 20 minutes at room temperature.
Peripheral blood mononuclear cells were isolated and counted using TC-20 automated cell counter
(Bio-RAD, Hercules, CA). Cells were diluted to a concentration of 1 x 106 cells/ml for use in
culture and suspended in complete media containing RPMI-1640 with 2 mmol/L L-glutamine, 10
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% fetal bovine serum (FBS), and Penicillin- Streptomycin-neomycin antibiotic (MilliporeSigma,
Burlington, MA).
RNA and cDNA preparation
Peripheral blood mononuclear cells were plated in a sterile 24-well cell culture plate
(Greiner bio-one, Monroe, NC) at 500,000 cells per well and incubated with antigen treatment for
3 hours at 37oC and 5% CO2. Treatments consisted of Lipopolysaccharide- LPS (100 g/ml)
(Sigma-Aldrich, St. Louis, MO), 100 g/ml LPS with 10 µg/ml 1400W (N-(3[Aminomethyl]benzyl)acetamidine) (Sigma-Aldrich, St. Louis, MO), and 100 g/ml LPS and
MCC950- NLRP3 inhibitor (100 nm) (Invivogen, San Diego, CA). Treatments were run in
triplicate. Following incubation, total RNA was isolated from antigen stimulated PBMC using
Direct-zol RNA MiniPrep Plus (Zymo Research, Irvine, CA).
Briefly, cells were lysed in 300 µl of RNAzol-Bee reagent (Tel-Test, Friendswood, TX).
Lysate was filtered through a Zymo-spin column, DNA was digested using DNase. RNA was
washed and dried on a silica membrane, then eluted into RNase-free water. Samples were analyzed
on a BioTek plate reader (BioTek, Winooski, Vermont) measuring concentration and 260:280 for
quality. Synthesis of cDNA was prepared using qScript XLT cDNA Supermix (Quantabio,
Beverly, MA). Reactions were prepared in a 96 well PCR plate (VWR, Radnor, PA) by combining
4 µl of 5X qScript XLT cDNA Supermix, 6 µl of nuclease-free water, and 10 µl of RNA template
per well. The plate was then placed in T100 thermal cycler (Bio-Rad, Hercules, CA) with
conditions at 25° C for 5 min, 42° C for 60 min, and 85° C for 5 min.
Gene Expression
TaqMan Assays

For qPCR, samples were made up of 10 µl 2X TaqMan Gene Expression Master Mix
(Applied Biosystems, Foster City, CA), 1 µl of 20X TaqMan Gene Expression Assay
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(Glyceraldehyde 3-phosphate (GAPDH) - Bt03210913_g1 and Interleukin-4 (IL-4) Oa04927178_s1) (Applied Biosystems, Foster City, CA), 5 µl of nuclease-free water, and 4 µl
(100 ng) cDNA template. Samples were analyzed in triplicate using CFX96 system (Bio-Rad,
Hercules, CA). Conditions of qPCR were performed using the following thermal-cycler profile:
10-minute hold at 95o C, then 40 cycles of 15 seconds at 95o C denaturation and 1-minute at 60o C
extension. The reference gene used for normalization was Glyceraldehyde 3- phosphate
dehydrogenase (GAPDH).
SYBR Green
qPCR reactions were run in triplicate with a Bio-Rad CFX96 system. Reaction conditions
were: 50° C for 10 minutes and an initial denaturation at 95° C for 10 minutes followed by 40
cycles of denaturation at 95° C for 15 seconds, annealing for 30 seconds at 60° C, and extension
for 30 sec at 72° C. The PCR amplifications were carried out in a total volume of 20 μl, containing
10 μl 2X Maxima SYBR Green qPCR master mix (Thermo Fisher Scientific, Waltham, MA), 1.2
μl of each forward and reverse primers (IDT, Morrisville, NC), 2.6 μl of nuclease-free water, and
5 μl of cDNA template.
The relative fold change in gene expression of candidate genes were done using the 2-ΔΔCT
method (Livak and Schmittgen, 2001). The obtained Ct values were used to calculate ΔCt values
for genes of interest [Ct (test) - Ct (reference)]. The reference gene used for normalization was
GADPH. Graphical representation for each gene was based on fold change over complete media
control treated groups. Primers were previously verified for equal efficiency in amplification.
Proliferation Assay
In preparation of culture, PBMC were plated at 250,000 cells per well in a sterile 24-well
cell culture plate (Greiner bio-one, Monroe, NC) and antigen treatments were added and incubated
at 37oC and 5% CO2. Treatments consisted of Lipopolysaccharide- LPS (100 g/ml) (Sigma-
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Aldrich, St. Louis, MO) and complete media. Treatments were run in triplicate. After a 24-hour
incubation 100 l of Alamar blue reagent (Thermo Fisher Scientific, Waltham, MA) was added to
each well. Forty-eight hours after the addition of Alamar blue, proliferation was quantified on a
BioTek plate reader (BioTek, Winooski, Vermont) by reading absorbance at 570 nm and using
600 nm as a reference wavelength.
Interleukin-1 ELISA
Interleukin-1 protein was measured in culture supernatant following incubation of ovine
PBMC with antigen treatment using an ovine specific IL-1 ELISA kit (MyBioSource, San Diego,
CA, USA). Peripheral blood mononuclear cells were plated in a sterile 24-well cell culture plate
(Greiner bio-one, Monroe, NC) at 500,000 cells per well and incubated with antigen treatment for
3 hours at 37oC and 5% CO2. Treatments consisted of Lipopolysaccharide- LPS (100 g/ml)
(Sigma-Aldrich, St. Louis, MO), LPS with 1400W (N-(3- [Aminomethyl]benzyl)acetamidine)iNOS inhibitor (Sigma-Aldrich, St. Louis, MO) at 10 µg/ml, and LPS and MCC950- NLRP3
inhibitor (100 nm) (Invivogen, San Diego, CA). For inhibitor treated groups, cells were stimulated
with pharmacological inhibitors for 2 hours prior to LPS stimulation. Treatments were run in
triplicate. Following incubation, cellular supernatant was collected into microcentrifuge tubes, 10
l of sample supernatant was added to the ovine specific IL-1 ELISA plate with 40 l of sample
diluent and incubated for an hour. The process was carried out according to manufacturer’s
protocol. Samples were read at 450 nm and a standard curve was generated to detect IL-1 (0 to
600 pg/ml range).
Interleukin-4 ELISA
Concentration of IL-4 protein were detected in culture supernatant using ovine specific
ELISA kits (MyBioSource, San Diego, CA, USA). Peripheral blood mononuclear cells were plated
in a sterile 24-well cell culture plate (Greiner bio-one, Monroe, NC) at 500,000 cells per well and
38

incubated with antigen treatment for 3 hours at 37oC and 5% CO2. Treatments consisted of
Lipopolysaccharide- LPS (100 g/ml) (Sigma-Aldrich, St. Louis, MO), LPS with 1400W (N-(3[Aminomethyl]benzyl)acetamidine) (Sigma-Aldrich, St. Louis, MO) at 10 µg/ml, and LPS and
MCC950- NLRP3 inhibitor (100 nm) (Invivogen, San Diego, CA). For inhibitor treated groups,
cells were stimulated with pharmacological inhibitors for 2 hours prior to LPS stimulation.
Treatments were run in triplicate. Following incubation, cellular supernatant was collected into
microcentrifuge tubes, 100 l of sample supernatant was added to the ovine specific IL-4 ELISA
plate and incubated for an hour. The process was carried out according to manufacturer’s protocol.
Samples were read at 450 nm and a standard curve was generated to detect IL-4 (6.25 to 400 pg/mL
range).
Nitric Oxide assay
Nitric oxide free radical was measured in sample supernatant by measuring the
concentration of nitrite in cellular supernatant using the Griess Reagent System kit (Promega,
Madison, WI). Peripheral blood mononuclear cells were plated in a sterile 24-well cell culture
plate (Greiner bio-one, Monroe, NC) at 500,000 cells per well and incubated with antigen
treatment for 3 hours at 37oC and 5% CO2. Treatments consisted LPS (100 g/ml), LPS with
1400W (N-(3- [Aminomethyl]benzyl)acetamidine) (Sigma-Aldrich, St. Louis, MO) at 10 µg/ml,
and LPS and MCC950- NLRP3 inhibitor (100 nm) (Invivogen, San Diego, CA). For inhibitor
treated groups, cells were stimulated with pharmacological inhibitors for 2 hours prior to LPS
stimulation. Treatments were run in triplicate. Following incubation, cellular supernatant was
collected into microcentrifuge tubes, 50 l of sample supernatant was added to a 96-well cell
culture plate. The process was carried out according to manufacturer’s protocol. Samples were
read at 540 nm and a standard curve was generated to detect nitrite (0 to 100 M range).
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Statistics
Sigma Plot software version 14.5 was used for statistical analysis. Statistical analysis for
qPCR data was based on fold change values, results were normalized to both control group and
GAPDH and reported as fold change. A two-way ANOVA with fixed effects of breed and
treatment was used to assess breed differences in response to LPS stimulation or the incorporation
pharmacological inhibitors MCC950 and 1400W to culture. The Holm-sidak post hoc test was
utilized for means comparison. A two-way ANOVA with fixed effects of breed and treatment was
used to assess proliferation and protein assays. The Holm-sidak post hoc test was used for means
comparison. Differences were considered significant if P < 0.05 for all experiments.

Results
PBMC gene expression after 3-hour LPS stimulation
Gene expression analysis was performed to evaluate breed differences in genes associated
with the activation of the LPS signaling pathway. Peripheral blood mononuclear cells were isolated
from whole blood and plated at 500,000 cells per well and cultured with CM or 100 g/ ml LPS
for 3 hours. Stimulation of STC PBMC with LPS resulted in a breed effect with a significant
upregulation in TLR4 (figure 2.1A) (P < 0.001), NFκB (P < 0.001) (figure 2.1B), IL-1β (P < 0.01)
(figure 2.1C), and TNF (P < 0.01) (figure 2.1D) genes as compared to SUF PBMC. There were
no significant differences observed in the expression of IFNγ, IL-6, IL-12B, TLR2, IL-10, and
iNOS within PBMC from both breeds.
Effects of NLRP3 and iNOS inhibition on PBMC responses to LPS
Gene expression analysis of PBMC from STC and SUF sheep was performed to analyze
the effect of the addition of pharmacological inhibitors 100 nm MCC950 (NLRP3 inhibitor) or 10
g/ml 1400W (iNOS inhibitor) to culture. Administering MCC950 to STC PBMC in an LPS
model resulted in a treatment effect observed by a significant reduction in the expression of TLR4
(P < 0.001) (figure 2.2A), NFκB (P < 0.001) (figure 2.2B), IL-1 (P < 0.001) (figure 2.2C), and
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TNFα (P < 0.001) (figure 2.2D) gene expression as compared to SUF PBMC. The addition of
1400W to LPS culture in STC PBMC resulted in a treatment effect with a significant reduction of
TLR4 (P < 0.001) (figure 2.3A), IL-1β (P < 0.05) (figure 2.3C), and TNFα (P < 0.05) (figure
2.3D). However, the inhibition of iNOS production in STC PBMC resulted in a significant
upregulation in the expression of NFκB (P < 0.001) (figure 2.3B). The incorporation of 1400W to
LPS culture had no significant effect on SUF PBMC.
Cytokine production in response to LPS stimulation
To determine breed differences in IL-1β and IL-4 protein concentrations in cellular
supernatant, PBMC were isolated from whole blood and stimulated with LPS, LPS and MCC950,
or LPS and 1400W. There were no breed differences observed in the measure of IL-1β protein
production following PBMC stimulation. However, the stimulation of PBMC from both STC and
SUF PBMC with LPS resulted in a significant increase in IL-1β protein production (P < 0.001)
(figure 2.4A). The addition of the pharmacological inhibitor MCC950 to culture resulted in a
significant reduction in the secretion of IL-1 protein in cellular supernatant (P < 0.001) (figure
2.4A) for both breeds. The addition of 1400W to LPS culture resulted in a similar trend with a
significant reduction observed in IL-1β production (P < 0.001) (figure 2.4B). Interleukin-4 protein
in cellular supernatant following LPS stimulation resulted in a significant increase in IL-4 secretion
in STC PBMC (P < 0.001) as compared to SUF PBMC (figure 2.5A). The incorporation of
MCC950 to cell culture resulted in a significant reduction in IL-4 cellular secretion in STC PBMC
(P < 0.001) and no significant changes observed in SUF PBMC (figure 2.5B). A similar trend in
IL-4 protein production was observed when 1400W was added to LPS culture, STC had a
significant reduction in IL-4 protein in cellular supernatant (P < 0.001), while SUF PBMC had no
significant changes in IL-4 protein secretion (figure 2.5C).
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Proliferation assays were performed to assess breed differences in cellular responses to
LPS stimulation. Although no significant differences were observed, without a stimulus STC
PBMC have a greater proliferative response however, with the addition of an LPS stimulus to
culture SUF PBMC have a greater proliferative response than STC PBMC (figure 2.7). Cell culture
supernatant was utilized to measure the amount of nitrite free radical in cellular supernatant. After
3 hours of LPS stimulation there were no breed differences observed in nitrite concentrations
(figure 2.6A). The addition of the pharmacological inhibitors MCC950 or 1400W to LPS culture
resulted in a similar trend with significant reduction in nitrite concentrations found in culture
supernatant (P < 0.001) (figure 2.6B, 2.6C).

Discussion
Construction of the NLRP3 inflammasome is classically involved in pro-inflammatory
responses and is pathological in the development of diseases such as, gout, Parkinson’s,
Inflammatory bowel disease, and Alzheimer’s. These experiments work to identify a role for
NLRP3 in an in vitro LPS model of infection with the use of PBMC isolated from parasite-resistant
STC and parasite-susceptible SUF breeds of sheep. St. Croix sheep have been largely studied in
parasite infections as a model for full host protective immunity (Alba-Hurtado and MunozGuzman et al., 2013). Suffolk sheep on the contrary have presented delayed responses to parasitic
challenge, resulting in adverse symptoms associated with disease (Miller et al., 1998).
Lipopolysaccharide (LPS) endotoxin is the outer membrane component of Gram-negative
bacteria, LPS contributes to the structural integrity and protection from chemical attacks on Gramnegative bacteria (May et al., 2018). The administration of LPS elicits a strong immune response,
phenotypically characterized by the extensive production of proinflammatory cytokines such as
IL-1, IL-12, IFN, and TNF (Chaitidis et al., 2005). Following an LPS challenge of Dorset and
SUF sheep, SUF PBMC revealed enhanced proinflammatory associated genes, portraying a
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possible predisposition to bacterial infections (Hadfield et al., 2018). An in vivo study of LPS
administration presented a higher resting serum nitric oxide concentration in SUF sheep (data not
published). We hypothesized that STC PBMC were better equipped with a Th2 phenotype, while
SUF PBMC were equipped with a Th1 phenotype; similar to C57BL/6 and BALB/c mice
(Watanabe et al., 2004).
In our in vitro LPS model of infection using PBMC from STC and SUF sheep, gene
expression analysis revealed an upregulation of all genes associated with the LPS signaling
pathway. Whereas, the stimulation of SUF PBMC with LPS resulted in no significant differences
observed. Suffolk PBMC are having trouble turning on the LPS signaling pathway and responding
to the stimulus. The lack of response can be a result of either the need for longer culturing time
points to allow SUF cells the ability to mount an effective response or it is possible that the
deficiency in early responses is due to structural differences observed in NLRP3 protein (data not
published) or signaling events upstream or downstream NLRP3. This same trend in the inability
of SUF sheep to respond early to pathogenic challenge has been observed in Haemonchus
contortus infection, where there was a 7-day delay in IL-4 expression within the abomasal tissue
as compared to STC sheep (Jacobs et al., 2018). The trends observed in the expression of IL-1
was not mimicked in protein measured in cellular supernatant following LPS antigen stimulation.
This could be a result of immune cells utilizing alternate mechanisms of IL-1 production to ensure
its protein presence. However, when measuring the concentration of IL-4 in cellular supernatant
after LPS challenge, STC PBMC produced significant greater amounts of IL-4 as compared to
SUF PBMC.
Our data revealed the pharmacological inhibition of NLRP3 in STC PBMC resulted in a
reduction in the expression of genes associated with the LPS signaling pathway, STC responses
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were reduced to responses comparable to SUF PBMC stimulated with LPS. The inhibition of
NLRP3 in SUF PBMC resulted in no significant difference in gene expression from LPS
stimulated cells. However, when observing IL-4 protein production following NLRP3 inhibition
STC PBMC had a reduction in IL-4 production, while the SUF PBMC had no effect. Jacobs et al.,
2020 RNA sequencing analysis of PBMC stimulated with Haemonchus contortus larval antigen
revealed STC PBMC to have an upregulation in proinflammatory associated genes such as, TLR4,
TLR2, and NLRP3. The use of RNA sequenced reads for the NLRP3 transcript was utilized to
predict protein structure. Predicted software revealed differences in the NLRP3 primary protein
structure between STC and SUF breeds. Further investigation of the impact of NLRP3 structural
differences on immune responses to pathogenic challenge will need to be performed.
Lipopolysaccharide is the ligand for toll-like receptor 4 (TLR4). Binding of LPS to TLR-4
activates downstream signaling events, including the activation of mitogen-activated protein
kinase (MAPK) and nuclear factor-B (NFB) pathways in macrophage (Palsson-McDermott et
al., 2004). The activation of NFB is the first signal in the construction of NLRP3 inflammasome
(Bauernfeind et al., 2009). The significant increase in TLR4 expression observed in STC PBMC
as compared to SUF PBMC reveal a possible role for the TLR4 pathway in early immune
activation in parasite resistant STC PBMC. Further investigation of the TLR4 pathway are
necessary, these data demonstrate the consequences of loss of function of downstream signaling
event in NLRP3, however, investigation of upstream activation events are necessary. These
experiments provide a working in vitro LPS model for the role of NLRP3 in PBMC derived from
STC and SUF sheep.
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Figure 2.1: Gene expression analysis of PBMC after 3 hours LPS culture
PBMC-derived from STC and SUF sheep were isolated from whole blood and cultured with
complete media (untreated) or 100 µg/ml of lipopolysaccharides (LPS) at 37oC and 5% CO2 for 3
hours, gene expression was measured. Fold change was calculated using the Δct relative to
housekeeping gene GAPDH and 2 -ΔΔCT relative to cells culture media. Error bars represent SEM.
Each treatment was performed in triplicate. Significance was accepted at P < 0.05. ** P < 0.01,
*** P < 0.001.
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Figure 2.2: Inhibition of NLRP3 inflammasome formation in PBMC stimulated with LPS
PBMC derived from STC and SUF sheep were isolated from whole blood and cultured with 100
nm MCC950 sodium NLRP3 inhibitor for two hours, before adding 100 µg/ml LPS to culture.
Cells were cultured for 3 hours with LPS at 37oC and 5% CO2, then gene expression was measured.
Fold change was calculated using the Δct relative to housekeeping gene GAPDH and 2 -ΔΔCT
relative to cells culture in complete media (Untreated) or DMSO treated cells for inhibited groups.
Error bars represent SEM. Each treatment was performed in triplicate. Significance was accepted
at P < 0.05. *** P < 0.001.
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Figure 2.3: iNOS inhibition in PBMC
PBMC derived from STC and SUF sheep were isolated from whole blood and cultured with
1400W (N-(3- [Aminomethyl]benzyl)acetamidine)- iNOS inhibitor for two hours, before adding
LPS to culture. Cells were cultured for 3 hours with LPS at 37oC and 5% CO2 then gene expression
was measured. Fold change was calculated using the Δct relative to housekeeping gene GAPDH
and 2 -ΔΔCT relative to cells culture in complete media (untreated) or cells treated with inhibitors
were relative to DMSO treated cells. Error bars represent SEM. Each treatment was performed in
triplicate. Significance was accepted at P < 0.05. * P < 0.05, *** P < 0.001.
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Figure 2.4: Pharmacological inhibition of NLRP3 and iNOS
PBMC derived from St. Croix (STC) and Suffolk (SUF) sheep were isolated from whole blood
and cultured with 100 nm MCC950- NLRP3 inhibitor or 1400W- iNOS inhibitor for 2 hours prior
to 3-hour LPS antigen culture. (A) PBMC were treated with 100 nm MCC950. (B) PBMC were
treated with 10 µg/ml 1400W. Each treatment was performed in triplicate. Error bars represent
SEM. Significance was accepted at P < 0.05. *** P < 0.001.
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Figure 2.5: Quantification of IL-4 protein in cell culture supernatant after LPS stimulation
PBMC derived from St. Croix (STC) and Suffolk (SUF) sheep were isolated from whole blood
and cultured with CM (untreated) or 100 µg/ml of LPS, 0.3% DMSO, 100 nm MCC950, or 10
µg/ml 1400W. Following culture supernatant was collected and used to evaluate cellular IL-4
protein production. A) LPS stimulation, B) LPS stimulation with MCC950 pharmacological
inhibitor, and C) LPS stimulation with the addition of 1400W. Each treatment was performed in
triplicate. Error bars represent SEM. Significance was accepted at P < 0.05. *** P < 0.001.
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Figure 2.6: Nitrite concentrations in cell culture supernatant after stimulation with LPS
PBMC derived from St. Croix (STC) and Suffolk (SUF) sheep were isolated from whole blood
and cultured with CM (untreated) or 100 µg/ml of LPS (A), 100 nm MCC950 (B), or 10 µg/ml
1400W (C). Following culture supernatant was collected and nitrite concentrations were measured.
Each treatment was performed in triplicate. Error bars represent SEM. Significance was accepted
at P < 0.05. *** P < 0.001.
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Figure 2.7: PBMC proliferation assay after LPS administration
PBMC derived from STC and SUF sheep were isolated from whole blood and cultured with 100
µg/ml of LPS for 24 hrs. before alamar blue administration and then further cultured at 37oC and
5% CO2 for an additional 48 hours before measuring absorbance at 570 nm. Each treatment was
run in triplicate. Error bars represent SEM.

54

Table 2.1: qPCR primers for SYBR Green chemistry
Gene Name
Glyceraldehyde3-phosphate

Abbreviation
GAPDH

Interleukin-6

IL-6

Tumor Necrosis Factor-

TNF

Interferon-

IFN

Interleukin-12B

IL-12B

Toll-like receptor 2

TLR2

Toll-like receptor 4

TLR4

Nuclear factor kappa-lightchain- enhancer of activated
B cells
Interleukin-1

NFB

Interleukin-10

IL-10

IL-1

Primer
F- CAGGAGCACGAGAGGAAGAG
R- AATGTATGGAGGTCGGGAGA
F- TAACCACTCCAGCCACACAC
R- GATAACCTTTGCGTTCTTTACCC
F- GGACCAGCCAAGAGAGAGAC
R- GCAGGGTGTATGAGAGAGCA
F- ATGACGTGTCGCCAAAATC
R- GCAGGCAGGAGAACCATTAC
F- ATTGAGGTCGTGATGGAAG
R- TGGTTTGATGATGTCCCTGA
F- CTCTTCCTGTTGCTCCTGCT
R- CTTCCTGGGCTTCCTCTTG
F- GGCATCATCTTCATCGTCCT
R- CCACTCCAGGTAGGTGTTCC
F- ATTCAGCCCTTTGAACATCT
R- ATGGGATGTCAGTGGCGTTA

Accession #
XM_004022179.1

F- GAAGGGAAGGGAAGAACACC
R- ACGAATACAGGGGAGGCAGT
F- TTTCCCTGACTGCCCTCTAA
R- GCTCCCTGGTTTCTCTTCCT

NM_001009251.1

EU293838
NM_001009471.1
NM_001123004.1
NM_001009392.1
GQ221063.1
HM099914.1
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Chapter 3: The role of NLRP3 signaling in host protective immune response
to Haemonchus contortus infection
Abstract
Immune activation in response to Haemonchus contortus parasite infection requires an
elevation of IL-4 as a key component of the response. This phenomenon occurs during early H.
contortus infection in parasite-resistant St. Croix (STC) sheep. Studies have reported early
responses associated with increased cellular infiltration at the site of infection and increased Th2
associated cytokine production. Parasite susceptible Suffolk (SUF) sheep display delayed
responses resulting in adverse symptoms. Studies have reported significant upregulation of
NLRP3, TLR2, and TLR4 genes in STC PBMC following stimulation with H. contortus larval
antigen (HcLA). Preliminary data has found distinct differences in NLRP3 protein of STC and
SUF sheep. Components of the NLRP3 inflammasome complex have been implicated as
transcription factors for Th2 immunity. Therefore, the objective of this study was to investigate
the role of NLRP3 in the context of H. contortus infection in sheep. PBMC from STC and SUF
sheep were isolated from whole blood and stimulated with HcLA (20 g/ml) for 6 hours. Larval
antigen stimulation of STC PBMC resulted in a significant increase in IL-1 expression (P < 0.01).
However, the use of pharmacological inhibitor MCC950 had no effect on transcript or protein IL4 production. However, the pharmacological inhibition of iNOS resulted in a significant reduction
in IL-4 protein production in both SUF and STC sheep. These experiments highlight the
requirement of inflammatory mediators for the development of IL-4 responses, resulting in the
establishment of full host protection.
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Introduction
Haemonchus contortus infection is a source of immense economical loss in small ruminant
production (USDA, 2001). Anthelmintic overuse has led to resistance in parasitic helminths and
has prompted producers to explore alternative strategies to control haemonchosis (Howell et al.,
2008). Utilization of sheep breeds resistant to gastrointestinal nematode (GIN) is one approach to
controlling infection. Of the limited parasite-resistant breeds, St. Croix (STC) have a unique ability
to clear H. contortus infection without anthelmintic treatment. Alternatively, Suffolk (SUF) sheep,
while commercially favorable, fail to respond to larval stages, perpetuating adverse symptoms
associated with helminth infection (Alba-Hurtado and Munoz-Guzman, 2013). Resistance can be
considered immune-mediated, as immunosuppression of genetically resistant merino sheep with
dexamethasone resulted in increased egg production and worm burden (Presson et al., 1988).
Specific immune responses to helminth infection can be best classified as T-helper type 2
(Th2) responses. Th2 immune activation to helminth larval stages reduce adult establishment and
fecundity. Innate immune cell influx (eosinophils, mast cells, globule leukocytes), cytokine
production (IL-4, IL-5, IL-13), and increased parasite-specific antibody (IgA, IgE) production are
all implicated in parasite expulsion (Balic et al., 2000, Lacroux et al., 2006). The gastrointestinal
environment during a Th2 response is characterized by increased luminal flow coupled with
intestinal muscle contractility, and these responses are driven by IL-4 and IL-13 cytokines (Harris
et al., 2011). Both IL-4 and IL-13 are hallmark cytokines of Th2 response, they both signal through
IL-4Rα, and exhibit a vast array of functions in regulating inflammation (Iademarco et al., 1995,
Wynn, 2003).
In the context of Haemonchus contortus infection in sheep, the St. Croix breed of sheep
have developed a natural immunity to parasitic infections as portrayed by early rise in IL-4 (Jacobs
et al., 2016), increased cellular infiltration into the abomasal tissue within the first 7 days of
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infection (Bowdridge et al., 2015), increased IL-13 expression in abomasal tissue contributing to
the weep and sweep method (Mackinnon et al., 2015), and reduction in larval and adult
establishment (Bowdridge et al., 2015). Their natural immunity is a result of consistent exposure
to parasitic challenge year-round as they originated in the Caribbean. Suffolk breed of sheep
originated in the United Kingdom, in which results in limited parasite exposure. Consequences
include delayed responses to parasite challenge leading to larval establishment, adult fecundity,
reduction in host performance and pathologies associated with disease. RNA sequencing analysis
of PBMC-derived from STC and SUF sheep cultured with HcLA revealed an upregulation in
inflammatory associated genes, namely TLR2, TLR4, and NLRP3; and none were found to be
upregulated in SUF PBMC (Jacobs et al., 2020).
RNA-sequencing from PBMC-derived from STC and SUF sheep were used to predict
NLRP3 protein structure. When comparing the NLRP3 protein structures between STC and SUF
sheep the predicted structures revealed vast differences. Nod like receptor family, pyrin domaincontaining 3 (NLRP3) is a cytoplasmic pattern recognition receptor found in its inactive
monomeric form (Harton et al., 2002). Activation of NLRP3 by agonists such as, ATP, potassium
efflux, pattern associated molecular patterns (PAMPs), danger associated molecular patterns
(DAMPs), microbial products, viral products, particulate matter can lead to the formation of the
NLRP3 inflammasome (Inohara et al., 2001). The inflammasome is comprised of the
oligomerization of seven NLRP3 monomers (Inohara et al., 2001). NLRP3 protein complex
amplifies the host immune response, can elicit cell pyroptosis, and leads to the secretion of the
mature form of IL-18 and IL-1 (Martinon et al.,).
Classically, NLRP3 inflammasome has been shown to be involved in the induction of
proinflammatory responses and dysregulation associated with disease progression. Little is known
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about the role of NLRP3 in Th2 responses. During Nippostrongylus brasiliensis infection NLRP3
protein, independent of the inflammasome complex has shown a major effect on neutrophil
recruitment, assisting in both larval killing and reduction in tissue damage (Chenery et al., 2019).
Development of full host protective immune responses to elicit H. contortus parasite expulsion is
widely carried out by the incorporation of cellular recruitment, antibody production, and cytokine
secretion, all largely under the Th2 arm of immune responses. These experiments work to expand
the knowledge of the role of NLRP3 in Th2 responses, studies work to investigate the
consequences of NLRP3 signaling during H. contortus infection in sheep, and to examine the
relationship between IL-4 and IL-1 protein. These data could aid in future therapies to assist in
the development of full host protective immune responses in parasite-susceptible breeds of sheep.

Materials and methods
Experimental Design
St. Croix (STC) (n=3) and Suffolk (SUF) sheep (n=3) were raised under parasite-free
conditions at the West Virginia University Animal Science Farm to allow for controlled and
monitored infection. Animals in this study were not exposed to H. contortus infection prior to
experimental inoculation. Four weeks after weaning, animals received a single oral dose of 10,000
H. contortus infective stage larvae (L3). Infection persisted for six weeks before animals were
dewormed using levamisole (8mg/kg) and rested for three weeks. To create an experimental model
that mimics a natural pasture infection, where animals are consistently exposed to L3, lambs were
challenged infected. Following the rest period, lambs were challenged with an additional dose of
10,000 L3 which persisted for six weeks. Fecal egg count (FEC) and packed cell volume (PCV)
were performed weekly throughout primary and challenge infection to monitor infection. At the
time of experimentation lambs were primed, but not under active infection.
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Haemonchus contortus larval culture
Feces were collected from H. contortus-infected SUF wethers, used solely for the purpose
of growing and collecting infective stage larvae. Feces were mixed with sterilized peat moss and
activated charcoal and incubated for 7 days at 30o C. Larvae were isolated using a Baermann
apparatus (Zajac and Conboy, 2006) and stored in phosphate buffered saline (PBS) (pH 7.4) at 4o
C for no longer than 3 months before use. Larvae were diluted to a concentration of 1000 L3/mL
in sterile PBS before use.
Crude Larval Antigen (HcLA)
Infective stage L3 were removed from feces and collected into a 15 ml tube with PBS (pH
7.4). Content was centrifuged for 5 min at 400 x g at 4o C. Supernatant was discarded and 2 ml of
cold PBS was added to the pellet. The pellet was homogenized using a Dounce homogenizer while
on ice until the majority of the larvae were broken up. Lysate was centrifuged at 15,000 x g at 4 o
C for 1h. Supernatant was removed and passed through a 0.22 µm syringe filter for sterilization.
Protein concentration was determined using Pierce Rapid Gold BCA Protein Assay kit (Thermo
Fisher scientific, Waltham, MA). Protease inhibitor cocktail (Sigma Aldrich, St. Louis, MO) was
added at 1 µl of cocktail per µg of protein. Crude larval antigen was aliquoted into 1.5ml centrifuge
tubes and stored at -80o C until further use.
Crude worm antigen (HcWA)
Adult H. contortus worms were extracted from the abomasum of euthanized sheep and
placed in chilled PBS (pH 7.4). The worms, in PBS, were homogenized using a dounce
homogenizer on ice. Lysate centrifuged at 15,000 x g at 4o C for 1h. Supernatant was removed and
run through a 0.22µm syringe filter for sterilization. Protein concentration was determined using
miro-BCA assay (Pierce, Rockford, IL). Protease inhibitor cocktail (Sigma Aldrich, St. Louis,
MO) was added at 1µl of cocktail per µg of protein. Crude worm antigen was aliquoted into 1.5ml
centrifuge tubes and stored at -80o C until further use.
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Peripheral Blood Mononuclear Cell (PBMC)
Whole blood samples were collected via jugular venipuncture into (n=3 tubes/breed) 10ml EDTA treated vacutainer tubes (Patterson vet, Saint Paul, MN). Peripheral blood mononuclear
cell isolation was performed by centrifugation of blood samples at 400 xg for 20 min at room
temperature. Buffy coats were collected into a 15-ml sterile centrifuge tube suspended in 1-ml of
sterile PBS (pH 7.4). Red blood cells were removed using ACK lysis buffer (Lonza, Walkersville,
MD), and the resulting pellet was layered over sterile lymphocyte separation media (LSM) (Fisher
Scientific, Hampton, NH) and centrifuged at 400 x g for 20 minutes at room temperature.
Peripheral blood mononuclear cells were isolated and counted using TC-20 automated cell counter
(Bio-RAD, Hercules, CA). Cells were diluted to a concentration of 1 x 106 cells/ml for use in
culture and suspended in complete media containing RPMI-1640 with 2 mmol/L L-glutamine, 10
% fetal bovine serum (FBS), and Penicillin- Streptomycin antibiotic.
RNA and cDNA preparation
Peripheral blood mononuclear cells were plated in a sterile 24-well cell culture plate
(Greiner bio-one, Monroe, NC) at 500,000 cells per well and incubated with antigen treatment for
6 hours at 37oC and 5% CO2. Treatments consisted of HcLA (20 g/ml), and HcLA and MCC950NLRP3 inhibitor (100 nm) (Invivogen, San Diego, CA). Treatments were run in triplicate.
Following incubation, total RNA was isolated from antigen stimulated PBMC using Direct-zol
RNA MiniPrep Plus (Zymo Research, Irvine, CA).
Briefly, cells were lysed in 300 µl of RNA-Bee reagent. Lysate was filtered through a
Zymo-spin column, DNA was digested using DNase. RNA was washed and dried on a silica
membrane, then eluted into RNase-free water. Samples were read on a BioTek plate reader
(BioTek, Winooski, Vermont) measuring concentration and 260:280 for quality. Synthesis of
cDNA was prepared using qScript XLT cDNA Supermix (Quantabio, Beverly, MA). Reactions
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were prepared in a 96 well PCR plate (VWR, Radnor, PA) by combining 4 µl of 5X qScript XLT
cDNA Supermix, 6 µl of nuclease-free water, and 10 µl of RNA template per well. The plate was
then placed in T100 thermal cycler (Bio-Rad, Hercules, CA) with conditions at 25° C for 5 min,
42° C for 60 min, and 85° C for 5 min.
Gene Expression
TaqMan Assays

For qPCR, samples were made up of 10 µl 2X TaqMan Gene Expression Master Mix
(Applied Biosystems, Foster City, CA), 1 µl of 20X TaqMan Gene Expression Assay
(Glyceraldehyde 3-phosphate (GAPDH) - Bt03210913_g1 and Interleukin-4 (IL-4) Oa04927178_s1) (Applied Biosystems, Foster City, CA), 5 µl of nuclease-free water, and 4 µl
(100 ng) cDNA template. Samples were analyzed in triplicate using CFX96 system (Bio-Rad,
Hercules, CA). Conditions of qPCR were performed using the following thermal-cycler profile:
10-minute hold at 95o C, then 40 cycles of 15 seconds at 95o C denaturation and 1-minute at 60o C
extension. The reference gene used for normalization was Glyceraldehyde 3- phosphate
dehydrogenase (GAPDH).
SYBR Green
qPCR reactions were run in triplicate with a Bio-Rad CFX96 system. Reaction conditions
were: 50° C for 10 minutes and an initial denaturation at 95° C for 10 minutes followed by 40
cycles of denaturation at 95° C for 15 seconds, annealing for 30 seconds at 60° C, and extension
for 30 sec at 72° C. The PCR amplifications were carried out in a total volume of 20 μl, containing
10 μl 2X Maxima SYBR Green qPCR master mix (Thermo Fisher Scientific, Waltham, MA), 1.2
μl of each forward and reverse primers (IDT, Morrisville, NC), 2.6 μl of nuclease-free water, and
5 μl of cDNA template.
The relative fold change in gene expression of candidate genes were done using the 2-ΔΔCT
method (Livak and Schmittgen, 2001). The obtained Ct values were used to calculate ΔCt values
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for genes of interest [Ct (test) - Ct (reference)]. The reference gene used for normalization was
GADPH. Graphical representation for each gene was based on fold change over complete media
control treated groups. Primers were previously verified for equal efficiency in amplification.
Interleukin-1 ELISA
Interleukin-1 protein was measured in culture supernatant following incubation of ovine
PBMC with antigen treatment using an ovine specific IL-1 ELISA kit (MyBioSource, San Diego,
CA, USA). Peripheral blood mononuclear cells were plated in a sterile 24-well cell culture plate
(Greiner bio-one, Monroe, NC) at 500,000 cells per well and incubated with antigen treatment for
6 hours at 37oC and 5% CO2. Treatments consisted of HcLA (20 g/ml), HcLA with 1400W (N(3- [Aminomethyl]benzyl)acetamidine) (Sigma-Aldrich, St. Louis, MO) at 10 µg/ml, and HcLA
and MCC950- NLRP3 inhibitor (100 nm) (Invivogen, San Diego, CA). For inhibitor treated
groups, cells were stimulated with pharmacological inhibitors for 2 hours prior to HcLA
stimulation. Treatments were run in triplicate. Following incubation, cellular supernatant was
collected into microcentrifuge tubes, 10 l of sample supernatant was added to the ovine specific
IL-1

ELISA plate with 40 l of sample diluent and incubated for an hour. The process was

carried out according to manufacturer’s protocol. Samples were read at 450 nm and a standard
curve was generated to detect IL-1 (0 to 600 pg/ml range).
Interleukin-4 ELISA
Concentration of IL-4 protein were detected in culture supernatant using ovine specific
ELISA kits (MyBioSource, San Diego, CA, USA) Peripheral blood mononuclear cells were plated
in a sterile 24-well cell culture plate (Greiner bio-one, Monroe, NC) at 500,000 cells per well and
incubated with antigen treatment for 6 hours at 37oC and 5% CO2. Treatments consisted HcLA (20
g/ml), HcLA with 1400W (N-(3- [Aminomethyl]benzyl)acetamidine) (Sigma-Aldrich, St. Louis,
MO) at 10 µg/ml, and HcLA and MCC950- NLRP3 inhibitor (100 nm) (Invivogen, San Diego,
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CA). For inhibitor treated groups, cells were stimulated with pharmacological inhibitors for 2
hours prior to HcLA stimulation. Treatments were performed in triplicate. Following incubation,
cellular supernatant was collected into microcentrifuge tubes, 100 l of sample supernatant was
added to the ovine specific IL-4 ELISA plate and incubated for an hour. The process was carried
out according to manufacturer’s protocol. Samples were read at 450 nm and a standard curve was
generated to detect IL-4 (6.25 to 400 pg/mL range).
NLRP3 activation
Peripheral blood mononuclear cells were plated in a sterile 24-well cell culture plate
(Greiner bio-one, Monroe, NC) at 1 x 106 cells per well and incubated with antigen treatment for
6 hours at 37oC and 5% CO2. Treatments consisted of HcLA (20 g/ml), 5 mM/ml ATP (SigmaAldrich, St. Louis, MO), 20 µg/ml HcLA, 20 µg/ml HcWA, and 25 µg/ml Poly I:C (InvivoGen,
San Diego, CA). Treatments were run in triplicate. Supernatant was collected at the conclusion of
cell culture and ovine specific ELISAs were used to measure IL-4, IL-17A, and IL-1β protein
presence.
Nitric Oxide assay
Nitric oxide free radical was measured in sample supernatant by measuring the
concentration of nitrite in cellular supernatant using the Griess Reagent System kit (Promega,
Madison, WI). Peripheral blood mononuclear cells were plated in a sterile 24-well cell culture
plate (Greiner bio-one, Monroe, NC) at 500,000 cells per well and incubated with antigen
treatment for 6 hours at 37oC and 5% CO2. Treatments consisted HcLA (20 g/ml), HcLA with
1400W (N-(3- [Aminomethyl]benzyl)acetamidine) (Sigma-Aldrich, St. Louis, MO) at 10 µg/ml,
and HcLA and MCC950- NLRP3 inhibitor (100 nm) (Invivogen, San Diego, CA). For inhibitor
treated groups, cells were stimulated with pharmacological inhibitors for 2 hours prior to HcLA
stimulation. Treatments were run in triplicate. Following incubation, cellular supernatant was
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collected into microcentrifuge tubes, 50 l of sample supernatant was added to a 96-well cell
culture plate. The process was carried out according to manufacturer’s protocol. Samples were
read at 540 nm and a standard curve was generated to detect nitrite (0 to 100 M range).
Statistics
Sigma Plot software version 14.5 was used for statistical analysis. Statistical analysis for
qPCR data was based on fold change values, results were normalized to both control group and
GAPDH and reported as fold change. A two-way ANOVA with fixed effects of breed and
treatment was used to assess breed differences in response to HcLA stimulation or the
incorporation pharmacological inhibitors MCC950 and 1400W to culture. The Holm-sidak post
hoc test was utilized for means comparison. A two-way ANOVA with fixed effects of breed and
treatment was used to assess protein assays. The Holm-Sidak post hoc test was used for means
comparison. Differences were considered significant if P < 0.05 for all experiments.

Results
Gene expression analysis of PBMC after 6-hour culture
Peripheral blood mononuclear cells were cultured with 20 µg/ml of HcLA for 6 hours
before gene expression analysis. Within both breeds a significant down regulation was observed
in the expression of GATA3 (P < 0.05) (figure 3.1B), TBET (P < 0.01) (figure 3.1F), TLR2 (P <
0.05) (figure 3.1G), and TLR4 (P < 0.001) (figure 3.1H). HcLA stimulation significantly
upregulated FOXP3 (P < 0.01) (figure 3.1D) in SUF PBMC and IL-1β (P < 0.001) (figure 3.1I) in
STC PBMC.
Inhibition of NLRP3 inflammasome activation in SUF PBMC resulted in a significant
increase in the expression of STAT6 (P < 0.001) (figure 3.3A), IL-10 (P < 0.001) (figure 3.3C),
TLR2 (P < 0.001) (figure 3.3D), and TLR4 (P < 0.001) (figure 3.3E). While the pharmacological
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inhibition of NLRP3 inflammasome in STC PBMC resulted in a significant increase in the
expression of IL-1β (P < 0.001) (figure 3.3F).
NLRP3 inflammasome activation
To assess the capability of H. contortus antigen to act as an agonist for NLRP3
inflammasome activation, PBMC were isolated and cultured with HcLA, HcWA (H. contortus
worm antigen), and known activators of NLRP3 inflammasome activation for comparison.
Inflammasome activation was measured by the presence of IL-1β in cell culture supernatant. When
measuring IL-1β protein concentrations in cellular supernatant, there were no breed differences
observed however, there was a treatment effect in which PBMC from both breeds produced
significantly greater amounts of IL-1β protein in response to stimulation with ATP as compared
to stimulation with Poly I:C (P< 0.05) (figure 3.2A). To observe the relationship between IL-4
production and NLRP3 inflammasome activation, IL-4 protein was measured in cell culture
supernatant. STC PBMC produced significantly greater amounts of IL-4 protein after stimulation
with LPS and HcLA, as compared to SUF PBMC (P < 0.001) (figure 3.2B).
Protein concentration in cell culture supernatant
PBMC from STC and SUF sheep were isolated from whole blood and stimulated with
HcLA to observe IL-4 protein secretion in cellular supernatant. There was a significant increase in
IL-4 protein measured in cellular supernatant of STC PBMC as compared to SUF PBMC (P <
0.001) (figure 3.4A). The incorporation of both MCC950 and 1400W to cell culture resulted in a
similar trend in a significant reduction in IL-4 protein measured in the cellular supernatant of STC
PBMC (P < 0.001) (figure 3.4B, 3.4C). In measuring the production of IL-1β protein in cellular
supernatant there were no significant differences observed in response to stimulation with HcLA
(figure 3.5A), similarly no significant differences observed with the addition of MCC950 or
1400W to cell culture (figure 3.5B, 3.5C). Nitrite concentrations were measured in cell culture
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supernatant following culture with HcLA, MCC950, and 1400W stimulation. There were no breed
differences observed in nitrite concentrations. However, there was a treatment effect on nitrite
concentrations, PBMC from both breeds of sheep produced significantly less nitrite in response to
stimulation with HcLA (P < 0.001) (figure 3.6A). The incorporation of MCC950 or 1400W to cell
culture with HcLA displayed a similar trend with a significant reduction in nitrite concentrations
(P < 0.001) (figure 3.6B and 3.6C).

Discussion
Parasite-resistant STC sheep display the natural ability to respond early to parasite
infection reducing the establishment of adults and adverse symptoms (Bowdridge et al., 2015). On
the contrary parasite susceptible SUF sheep display a lag in response time to larval stages of H.
contortus resulting in the establishment of adults and leading to adverse symptoms, reduction in
animal performance, and in severe cases, death (Jacobs et al., 2016). RNA sequencing analysis of
PBMC stimulated with HcLA revealed an upregulation in TLR2, TLR4, and NLRP3 immune
regulation receptors (Jacobs et al., 2020). Our data suggest that the stimulation of STC and SUF
PBMC with HcLA resulted in a downregulation in Th2 transcription factor (GATA3), Th1
transcription factor (TBET), and antigen recognition receptors (TLR2 and TLR4). The addition of
HcLA stimulus to culture resulted in a difference of expression patterns, SUF PBMC had an
upregulation in regulatory transcription factor FOXP3 expression, while STC PBMC had an
upregulation in IL-1 expression. These data align with the literature in parasite excretory
secretory proteins containing immunomodulatory factors that may upregulate host regulatory
responses (Hewitson et al., 2009). Further investigation of peripheral T cell populations identified
during H. contortus infection in STC and SUF sheep are necessary to identify if delays observed
in SUF sheep are a result of increased regulatory CD25+ cells.
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The upregulation in IL-1 expression observed in STC PBMC from our data, along with
the prior reports of significant upregulation in NLRP3 observed in STC PBMC stimulated with
HcLA set our focus on NLRP3 inflammasomes role in H. contortus infection. To assess
inflammasome activation we concentrated on its product of activation, IL-1 (Segovia et al.,
2017). The activation of NLRP3 inflammasome can be achieved as a result of the stimulation by
many agonists such as, ATP, PAMPs, DAMPs, microbial products, viral products, and particulate
matter (Inohara & Nunez et al., 2001). Our data provide evidence of NLRP3 activation in both
STC and SUF PBMC after stimulation with both H. contortus larval and adult antigens. Due to the
wide range of agonists capable of activating NLRP3 inflammasome, its classic activation requires
a tightly regulated two-step process (Bauernfeind et al., 2019). The first step requires TLR priming
to enhance NFB signals and secondly the exposure NLRP3 protein to PAMPs and DAMPs for
the construction of the inflammasome complex (Bauernfeind et al., 2019). Although NLRP3 has
been classically studied in response to viral and microbial infections with the need for the
amplification of host proinflammatory responses, literature has also revealed a role for NLRP3
proteins requirement in Th2 parasitic infections (Chenery et al., 2019).
Data from these studies reveal the inhibition of NLRP3 inflammasome activation in PBMC
from parasite susceptible SUF sheep resulted in upregulation in TLR2, TLR4, STAT6, IL-4, and
IL-10 genes. Further investigation on the potential for SUF dysfunctional NLRP3 being the cause
of delayed responses are necessary, these data show the inhibition of SUF NLRP3 resulting in
improved responses of antigen recognition and Th2 differentiation. However, when observing the
effects of both pharmacological inhibitors MCC950 and 1400W on IL-4 protein production, STC
PBMC resulted in a significant reduction in IL-4 measured in cellular supernatant. There will need
to be further experiments to support these preliminary data on investigating a direct link between
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NLRP3 inflammasome activation and IL-4 production. The pharmacological inhibition of NLRP3
inflammasome with small molecule inhibitor MCC950 directly interacts with the Walker B motif
within the NLPR3 NACHT domain, thereby, blocking ATP hydrolysis and inhibiting NLRP3
activation and inflammasome formation (Coll RC et al., 2015). Additional studies are necessary
to investigate both the inhibition of NLRP3 protein alone independent of the inflammasome and
the alternate routes of IL-1 secretion and their role in H. contortus infection.
Interleukin-1 is a potent proinflammatory factor secreted by innate immune cells in
response to pathogenic challenge. The secretion route of IL-1 employs one or more nonconventional pathways of secretion. Routes of IL-1 secretion are dictated by the strength of the
inflammatory stimuli. ATP-induced IL-1 release is disrupted in macrophages by the inhibition of
caspase-1 knock out mice (Brough et al., 2003). The targeted inhibition of NLRP3 in T. muris
infection induced amelioration of disease as shown by decreased Th1 cytokines, elevated Th2
cytokines, accelerated worm expulsion, and a decrease in immunopathology’s associated with
disease (Alhallaf et al., 2018). Preliminary data observed in our lab observing NLRP3 responses
in PBMC derived from SUF and STC sheep in a classic model of LPS infection revealed the
pharmacological inhibition of NLRP3 inflammasome to result in a significant reduction in IL-1
secretion, denotating a reduction in NLRP3 activation. In an alternative model of NLRP3
activation in response to HcLA stimulation in STC and SUF PBMC the pharmacological inhibition
of NLRP3 had no effect on IL-1 production or IL-4.
These data are the first to observe IL-1 production in the context of H. contortus infection
in sheep. On the transcript level the pharmacological inhibition of NLRP3 resulted in a reduction
in IL-1 expression however, on the protein level there were no differences observed. These data
highlight the potential for a non-conventional mechanism of IL-1 secretion under abnormal
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conditions. These preliminary data unfold the potential for further investigation into the
consequences of the total inhibition of the NLRP3 inflammasome complex namely, the inhibition
of caspase 1. Preliminary data from our lab has outlined distinct NLRP3 primary protein structural
differences between STC and SUF sheep (data not published), further investigation will need to
uncover the inhibition of both IL-1 and IL-18 protein production in the context of H. contortus
parasitic infection. During L. major infection IL-18 production enhanced IL-4 expression by
increasing GATA3 expression within CD4+ cells. Future investigation of NLRP3 inflammasome
complex components acting as Th2 regulators of transcription are necessary. An understanding of
this phenomenon may allow for the development of chemotherapeutics that would enhance early
immune activation in economically relevant breeds of sheep.
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Figure 3.1: Gene expression analysis of PBMC after 6-hour culture with HcLA
PBMC-derived from STC and SUF sheep were isolated from whole blood and cultured at 500,000
cells/well with complete media (CM)- untreated or 20 µg/ml of HcLA at 37oC and 5% CO2 for 6
hours, gene expression was measured. Fold change was calculated using the Δct relative to
housekeeping gene GAPDH and 2-ΔΔCT relative to cells culture media. Error bars represent SEM.
Significance was accepted at P < 0.05. * P < 0.05, ** P < 0.01, *** P < 0.001.
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Figure 3.2: NLRP3 inflammasome activation
To assess NLRP3 activation in STC and SUF PBMC, cells were isolated from whole blood and
plated at 1x106 cells/well. Cells were cultured with 5 mM ATP, 20 µg/ml HcLA, 20 µg/ml HcWA,
100 µg/ml LPS, 25 µg/ml Poly I:C for 6 hours before cellular supernatant collection. A) measure
of IL-1β protein B) measure of IL-4 protein. Each treatment was performed in triplicate. Error bars
represent SEM. Significance was accepted at P < 0.05. *P < 0.05, ***P < 0.001.
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Figure 3.3: Inhibition of NLRP3 inflammasome activation in PBMC
PBMC derived from STC and SUF sheep were isolated from whole blood and cultured with 100
nm MCC950 sodium for two hours, before adding HcLA to culture. Cells were cultured for 6 hours
with HcLA at 37oC and 5% CO2 for then gene expression was measured. Fold change was
calculated using the Δct relative to housekeeping gene GAPDH and 2-ΔΔCT relative to cells culture
media (untreated) or DMSO treated cells for inhibited groups. Error bars represent SEM.
Significance was accepted at P < 0.05. ***P < 0.001.
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Figure 3.4: measure of IL-4 protein in cellular supernatant
PBMC derived from St. Croix (STC) and Suffolk (SUF) sheep were isolated from whole blood
and cultured with CM (untreated) or 20 µg/ml of HcLA, 0.3% DMSO, 100 nm MCC950, or 10
µg/ml 1400W. A) HcLA culture, B) addition of 100 nm MCC950 to culture, C) addition of 1400W
to culture. Following culture supernatant was collected and used to evaluate cellular IL-4 protein
production. Each treatment was performed in triplicate. Error bars represent SEM. Significance
was accepted at P < 0.05. ***P < 0.001.
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Figure 3.5: Measure of IL-1β protein in cellular supernatant
PBMC derived from St. Croix (STC) and Suffolk (SUF) sheep were isolated from whole blood
and cultured with CM (untreated) or 20 µg/ml of HcLA for 6-hours. (A) 20 µg/ml of HcLA culture,
(B) culture with HcLA and 100 nm MCC950, (C) culture with HcLA and 1400W. Each treatment
was performed in triplicate. Error bars represent SEM.
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Figure 3.6: Measure of nitrite in cellular supernatant
PBMC derived from St. Croix (STC) and Suffolk (SUF) sheep were isolated from whole blood
and cultured with CM (untreated) or 20 µg/ml of HcLA, 0.3% DMSO, 100 nm MCC950, or 10
µg/ml 1400W. A) HcLA culture, B) culture with HcLA and 100 nm MCC950, C) addition of
1400W to culture. Following culture supernatant was collected nitrite concentrations were
measured. Each treatment was performed in triplicate. Error bars represent SEM. Significance was
accepted at P < 0.05. ***P < 0.001.
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Table 3.1: qPCR primers for SYBR Green chemistry
Gene Name
Abbreviation Primer
Glyceraldehyde3-phosphate

GAPDH

F- CAGGAGCACGAGAGGAAGAG
R- AATGTATGGAGGTCGGGAGA

T box transcription factor

TBET

Interferon-

IFN

GATA binding protein 3

GATA3

Signal transducer and
activator of transcription 6
Signal transducer and
activator of transcription 3
Forkhead box P3

STAT6

Interleukin-10

IL-10

Toll-like receptor 2

TLR2

Toll-like receptor 4

TLR4

Interleukin-1

IL-1

F- TACTACCGAAGCCAGGAAGC
R- AGAGTTCGCATGGAGTGGAA
F- ATGACGTGTCGCCAAAATC
R- GCAGGCAGGAGAACCATTAC
F- TCATCAAGCCCAAGCGAAGG
R- TGGCATTTCTTCTCCACAGAGT
F-GCGTGTGAGTGTGTGTCCT
R- ACACTCCCTCCCACATACACA
F- CCTCCCTGATTGTGACCGAG
R- CAATGAGTGCGTCTCCAGGT
F- GAAACAGCACATTCCCAGAGT
R- GGATGAGGGTGGCATAGGT
F- TTTCCCTGACTGCCCTCTAA
R- GCTCCCTGGTTTCTCTTCCT
F- CTCTTCCTGTTGCTCCTGCT
R- CTTCCTGGGCTTCCTCTTG
F- GGCATCATCTTCATCGTCCT
R- CCACTCCAGGTAGGTGTTCC
F- GAAGGGAAGGGAAGAACACC
R- ACGAATACAGGGGAGGCAGT

STAT3
FOXP3

Accession #
HM043737

NM_001123004.1

GQ221063.1
HM099914.1
NM_001009251.1
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Chapter 4: Exploratory Discussion
The purpose of experiments within this dissertation were to investigate the role of NLRP3
in both a classic model of infection and within an abnormal Th2 parasitic infection. Literature has
shown parasite resistant STC sheep mount an effective Th2 response, while SUF sheep struggle to
respond as reported by delayed responses. From this, we hypothesized SUF sheep will mount an
effective response to bacterial challenge. However, upon LPS stimulation of PBMC, STC PBMC
were the only breed able to activate TLR4 downstream signaling events following 3 hours of
stimulation. We focused on 3 hours, due to a curiosity of breed differences observed in early
responses. Within STC PBMC we have seen an upregulation in IL-1 production, promoting
inflammatory responses.
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TNFα
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IL-18

Figure

4.1:

Model

for

STC

PBMC

responses

to

LPS

stimulation

STC PBMC upon stimulation with LPS result in early activation of TLR4 signaling. The addition
of LPS to culture upregulates TLR4 found on classically activated (M1) macrophages. LPS binds
TLR4 and activates downstream signaling events, resulting in the upregulation of the
proinflammatory transcription factor NFκB. TLR4 priming is the first signal in NLRP3 activation.
The upregulation of NFκB and proinflammatory responses will lead to the activation of NLRP3.
NLRP3 inflammasome activation will result in the enhanced production of both IL-1 and IL-18.
Leading to an early innate local inflammatory response necessary for pathogen clearance. The
inhibition of NLRP3 in STC PBMC results in a reduction in TLR4 signaling, which in turn reduces
the likelihood of the localized inflammatory response necessary for pathogen clearance.
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Further investigation is necessary to uncover specific proteins critical for early STC
immune responses. Inhibition assays of proteins found both upstream and downstream NLRP3
protein are necessary to ensure that STC responses are NLRP3 dependent. Our data show that the
inhibition of NLRP3 results in ablation of STC responses following LPS stimulation. Assays
investigating the consequences of the inhibition of proteins such as, TLR4, IRF3, and IRAK3 to
name a few.
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Figure 4.2: Model for SUF PBMC responses to LPS stimulation
The stimulation of SUF PBMC with LPS results in the downregulation of TLR4 expression. SUF
PBMC are unable to respond to LPS challenge in a classic TLR4 signaling pathway, there is
something inhibiting the process. Downregulation of TLR4 expression results in the
downregulation of NFκB transcription factor which will in turn result in the inhibition of NLRP3
activation and lead to diminished localized inflammatory responses. We have reason to believe
that SUF have a dysfunctional NLRP3 protein. In this classic model of infection in which we
would expect SUF PBMC to be able to respond to LPS challenge, they are unable to do so. SUF
have a defective NLRP3 protein inhibiting their ability to elicit early immune responses to bacterial
pathogens. Further investigation of the signal events both upstream and downstream of NLRP3
are necessary to pinpoint the role of specific proteins.
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The downregulation observed in TLR4 expression on SUF PBMC leads me to believe that
SUF delays could be a result of lack of antigen recognition. The use of TLR4 inhibitors and
performing both gene expression and ELISA analysis to observe inflammatory responses are
necessary. These data continue to highlight differences observed in immune responses between
STC and SUF sheep. NLRP3 has been shown to enhance Th2 responses by the production of IL18 upregulating the expression of Th2 transcription factor GATA3. This begs the question of
NLRP3’s role in Haemonchus contortus infection in sheep? Could NLRP3 be acting as a
transcriptional regulator for Th2 responses?

Figure 4.3: Model for NLRP3 in Haemonchus contortus infection in sheep
Sheep are burdened with parasites in the abomasum, epithelial cells and innate lymphoid cells will
respond by secreting chemokines such as, CXCL1 and MCP1 to induce both neutrophil and
macrophage recruitment to the site of infection. Neutrophils will produce IL-4 in response to
parasite challenge, the enhanced IL-4 environment will result in alternative activation of
macrophages (M2). Macrophages will respond by producing IL-4 and IL-13 to assist in the
autocrine activity of immune activation. NLRP3 inflammasome is activated in macrophages (these
preliminary data are not enough to say for sure, which mode of activation) which will result in the
production of mature IL-1 and IL-18. The production of IL-18 will result in the upregulation of
the Th2 transcription factor GATA3 in T cells, which will in turn enhance the production of IL-4
in CD4+ cells. Leading to a robust Th2 immune response ensuing the inhibition of parasite
establishment. Within this model products of NLRP3 inflammasome activation act as a
transcriptional regulator for Th2 responses.
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These models highlight the need for further investigation into the role of NLRP3 in H.
contortus parasitic infection. Without knowing the protein make up of HcLA, this makes it difficult
to identify specific modes of cellular activation. However, based off of data from this dissertation
we are able to identify a role for NLRP3 in STC responses to both a classic LPS model of infection
and an abnormal parasite infection model. The inhibition of NLRP3 in STC resulted in a significant
reduction in responses. Next steps in this research should include to design primers and perform
DNA sequencing to validate differences in NLRP3 primary protein sequence. To validate
differences in protein structure, perform a non-denaturing western to validate the results of the
predicted protein software by comparing the NLRP3 protein size between both breeds. Running a
western to observe inactive and active forms of NLRP3 would aid in identifying differences in
NLRP3 protein. There is a chance that due to NLRP3 structural differences observed the
pharmacological inhibitor MCC950 could be interacting differently between the breeds, there
could be inappropriate binding within SUF PBMC. Performing a western on inhibitor treated
groups will help to ensure NLRP3 inflammasome is not intact. Alignment of both TLR4 and
NLRP3 sequences from STC and SUF sheep can be aligned to known reference genomes available
of NCBI to observe single nucleotide polymorphisms (SNPs) between breeds. Incorporating more
sheep breeds into the experiments will help to identify if this dysfunctional NLRP3 protein is breed
specific or is it representative of all parasite-susceptible breeds of sheep?
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